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ABSTRACT
A significant efficiency gain for crystalline silicon solar cells can be achieved by
surface texturization. This research was directed at developing a low-cost,
high-throughput and reliable texturing method that can create a honeycomb texture.
Two distinct approaches for surface texturization were studied. The first
approach was photo-defined etching. For this approach, the research focus was to take
advantage of Vall6ra's technique published in 1999, which demonstrated a
high-contrast surface texture on p-type silicon created by photo-suppressed etching.
Further theoretical consideration, however, led to a conclusion that diffusion of
bromine in the electrolyte impacts the resolution achievable with Vallera's technique.
Also, diffusion of photocarriers may impose an additional limitation on the resolution.
The second approach studied was based on soft lithography. For this approach, a
texturization process sequence that created a honeycomb texture with 20 ptm spacing
on polished wafers at low cost and high throughput was developed. Novel techniques
were incorporated in the process sequence, including surface wettability patterning by
microfluidic lithography and selective condensation based on Raoult's law.
Microfluidic lithography was used to create a wettability pattern from a 100A oxide
layer, and selective condensation based on Raoult's law was used to reliably increase
the thickness of the glycerol/water liquid film entrained on hydrophilic oxide islands
approximately from 0.2 pm to 2.5 pm . However, there remain several areas that
require further development to make the process sequence truly successful, especially
when applied to multicrystalline wafers.
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Title: Professor of Mechanical Engineering
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Chapter 1 Background and Research Goal
Photovoltaics (PV) has the potential to be the mainstay of an energy economy
based on renewables. More energy from sunlight strikes Earth in one hour than all of
the energy consumed by humans in an entire year [1]. With increasing attention
toward the global warming crisis, photovoltaic technology is receiving heightened
attention as a potentially widespread approach to carbon-neutral energy production.
Today, penetration of PV systems requires significant government subsidies, and
solar electricity prices are around 30 cents/kWh, which is 2-5 times average
residential electricity tariffs in the United States [2]. (The precise calculation will
depend on the location of the solar installation and the local electricity tariffs [2,3].)
Although the cost of generating electricity from conventional fossil fuels is rising due
to limited resources and growing global energy demand, and regulations aiming to
limit greenhouse gas emissions will further push the conventional electricity higher in
the future, however, for solar electricity to be cost-competitive with fossil based
electricity at utility scale, the cost per Watt Peak (Wp) of PV systems must be
substantially reduced [4]. (The PV industry typically uses dollars per Wp as its
primary unit of measurement.) Cost reduction of PV systems is the key to their
massive deployment.
Crystalline silicon PV is the current dominant technology in the PV industry and
enjoys an 80% market share in 2010, compared to only 20% for thin film PV [5]. The
abundance of the raw material, together with the high efficiency and longevity of
silicon modules, will continue to make crystalline silicon one of the most promising
technologies for massive scale-up. Two types of crystalline silicon are used in the PV
industry: monocrystalline silicon and multicrystalline silicon. Figure 1 illustrates the
entire manufacturing procedure for both types of crystalline silicon PV modules:
purifying silicon to a very high level as polysilicon feedstock, growing it into crystal
ingots, sawing the very hard material into wafers, making solar cells out of the wafers,
and finally stringing these cells together and encapsulating into modules. Over the last
three decades, the cost of manufacturing crystalline silicon PV modules' has
decreased by about 20 percent with every doubling of cumulative production, and
overall PV modules have experienced tenfold cost reduction from more than $30/Wp
in 1979 to less than $3/Wp today [6]. The cost reduction in the past has come from the
combined effects of step-by-step evolutionary improvements in a wide variety of
areas rather than one or two huge breakthroughs. In the future, Swanson believes that
further cost reduction will continue to come from step-by-step improvements,
As a rule of thumb, PV modules represent 40-50% of the total installed cost of a PV system [2].
Besides the module cost, other primary costs are inverters and installation parts and labor.
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possibly from the following areas: new lower cost polysilicon production processes,
improvement in slicing technology that reduces kerf loss 2 , thinner wafers, direct
wafers, higher conversion efficiency, a higher level of automation, etc. [6]. Among
these possible improvements, increasing conversion efficiency has a particularly huge
impact on cost reduction throughout the entire value chain: for each unit of power
generated, more efficient modules require less raw material in every manufacturing
step and a smaller solar-collection surface area. In addition, more efficient modules
weigh less and are cheaper to transport and install. Therefore, our research has been
aimed to contribute to further development and cost reduction of crystalline silicon
PV modules by increasing their conversion efficiency.
Poy-i .no Ce. Modu..
Figure 1. Manufacturing procedure of crystalline silicon PV modules.
Multicrystalline silicon cells today achieve 15-16% efficiencies. This stands in
contrast to the highest efficiency modules that are made on monocrystalline silicon
wafers where cell efficiencies of 20% are now routinely achieved. A large portion of
this difference is due to the ability to create a texture of random pyramids on
monocrystalline cells by an alkaline solution such as KOH or NaOH [7,8]. A
commercial monocrystalline cell architecture that uses this texturing method is
illustrated in Figure 2 [9,10]. Texturing the front surface of a solar cell generally
Kerf is the portion of the ingot lost as saw dust during sawing.
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results in improved conversion efficiency, mostly due to an increase in the
short-circuit current [8]. This increase arises from three independent and additive
mechanisms, all of which are related to the fact that the incident photons strike the
cell surface at an angle. Firstly, some photons will be reflected from one angled
surface merely to strike another, resulting in an improved probability of absorption.
This is the so-called double bounce effect, which significantly reduces the cell surface
reflection. Secondly, photons refracted into silicon will propagate at an angle, causing
them to be absorbed closer to the junction than would occur with a planar surface.
Thirdly, long-wavelength and weakly absorbed photons which are reflected from the
rear surface back to the front will encounter an angled silicon surface, improving the
chance of being internally reflected either at the textured silicon surface or at the flat
glass superstrate. Hence, long-wavelength photons are "trapped" inside the cells,
resulting in longer optical path length and more complete absorption. This final
process is referred to as light trapping. The pyramidal texture in Figure 2 enables
these three mechanisms to improve the conversion efficiency for monocrystalline
cells. However, the pyramidal texture is made possible by the anisotropic nature of the
alkaline etching solutions, in conjunction with an appropriate choice of the crystal
plane orientation of monocrystalline wafers. Therefore, such techniques are not
effective for multicrystalline cells because of the random nature of their crystal
orientation.
textured front surface
junction-
plated'
p-type silicon wafer contacts
Figure 2. Schematic of a monocrystalline silicon solar cell with a pyramidal texture
and laser-cut and plated front buried contacts.
While texturing monocrystalline cells by alkaline solutions has been practiced
for over twenty years, texturing techniques for multicrystalline cells have still been
under exploration and development [7,8]. Reactive ion etching (RIE) has been used,
either in conjunction with a mask to achieve large, regular features or without a mask
to produce much smaller and more random texture [11,12]. Sophisticated techniques
have been practiced to machine the multicrystalline silicon surface, such as laser
cutting [13,14] and mechanical saw cutting [15,16]. Photolithography in conjunction
with isotropic etching to generate a square or hexagonal array of holes through a
masking oxide and isotropically etch into the silicon substrate to form hemispherical
wells has also been reported [17,18]. All of these approaches produce lower reflection
than can be achieved with the standard alkaline damage-removal etch used today in
industry [7], but there are significant drawbacks associated with each of them. RIE is
a vacuum-based process and provides low throughput. Mechanically abraded and
laser-textured wafers are fragile because of the stresses imposed by the processing.
Laser also causes damage and reduces the quality of the material. Pattern transfer
using photolithography is usually the most expensive and laborious as it requires
expensive materials and a number of time-consuming steps, including thorough
cleaning of the substrate, spin coating of photoresist, pre-exposure baking of the
spin-coated resist, photolithographic exposure, post-exposure baking, and
development of the exposed resist.
Currently, the most widely used texturing technique for multicrystalline silicon is
an isotexturing process that was developed at the University of Konstanz and together
with the company Rena [19]. An increase in efficiency of 1 % absolute or 6.8 %
relative was observed due to isotexturing compared to etching in NaOH [19].
However, as discussed below, there is room available for the efficiency gain from
surface texturization to be further increased.
Since the current trend in crystalline silicon PV is toward multicrystalline
technology due to much lower material cost [6], an effective texturing technique is
valuable if it can be implemented with little increase in manufacturing cost. Therefore,
our research has been directed at developing a suitable texturing technique for
multicrystalline silicon solar cells. Sections 1.1 and 1.2 will define our research goal
in details.
1.1 The target texture: a regular honeycomb microstructure
Our goal is to develop a suitable texturing technique that can create a regular
pattern in the form of a hexagonally-symmetric honeycomb on multicrystalline silicon
wafers. Although surface texture by itself does not require regularity to be effective in
reducing surface reflection and improving light-trapping, there is an important reason
we desire a technique that can create a regular pattern. A texturing technique that
creates a regular pattern can be used to define and create trenches for buried contacts
in the same process when the silicon surface is being textured. (A buried contact solar
cell has been shown in Figure 2.) Most silicon solar cells have a metallization grid on
the front that is screen-printed, typically covering 6-8% of the front surface. A buried
contact architecture minimizes the width of the metal fingers by using deep trenches
that are then filled with metal. Narrow, high aspect-ratio conductor fingers can then be
deposited in a more closely-spaced pattern, reducing resistance loss as well as contact
shading loss and thus further increasing the conversion efficiency [9,10]. Hence, a
texturing technique that can create a regular pattern will allow us to treat texturization
and buried contact definition at the front surface as two aspects of a unified process.
(In our experiments described in later chapters of this thesis, definition of finger
trenches has not been included. If a technique to create a honeycomb texture is
successfully developed, however, it is straightforward to do so.) In addition, a regular
pattern has less surface area and thus less recombination loss. Furthermore, the
honeycomb layout has a maximum packing density compared to, for example, the
square-matrix layout such that it minimizes flat regions and surface reflection [17,18].
Also, previous research by Green and coworkers has shown that the honeycomb
structure has excellent light trapping capability, as will be discussed below. Therefore,
the target texture in our research has been defined to be a regular microstructure of the
honeycomb layout.
A honeycomb textured structure has been fabricated by Green and coworkers
[17,18]. In their work, holes through a layer of masking silicon dioxide were
generated in a hexagonal layout by photolithography. An acid solution was used to
isotropically etch into the silicon substrate to form wells that are nearly hemispherical.
Adjacent well regions grew and eventually joined each other, and a honeycomb
structure appeared, as illustrated in Figure 3. The honeycomb structure was shown to
considerably reduce the front surface reflection and improve light trapping (i.e.,
absorption of infrared light) [17]. Particularly, for light trapping, the results of a ray
tracing model exhibited that up to 90% of infrared light was trapped in the substrate
after the first two passes. Although their honeycomb structure still had about 15% of
flat areas at the center of each well due to the finite size of the holes in the masking
oxide, the flat bottom of the well seemed to do little to degrade light trapping [17].
metal finger honeycomb texturing
Figure 3. Schematic of a 19.8%
efficient multicrystalline silicon solar cell
with honeycomb surface texturing. A
double layer antireflection coating on the
/ / front surface is not shown in the figure.
Figure taken from Green [17].
rwcontact metal
The honeycomb textured cell fabricated by Green and coworkers demonstrated
an efficiency as high as 19.8%. However, their cell incorporated several high
efficiency features, and the efficiency gain attributed to the honeycomb texture only3
was not reported [17]. Independent experiments were conducted in our research group
to measure the efficiency gain directly attributed to such a honeycomb texture. A
multicrystalline cell with a honeycomb texture similar to that in Figure 3 fabricated by
photolithography and isotropic etching showed that the additional efficiency gain
resulting from the honeycomb texture relative to an isotextured cell was
approximately 0.6% absolute.4
Although a honeycomb textured surface shown in Figure 3 represents a
significant improvement, such a surface still has some flat areas at the center of each
well due to the finite size of the holes in the masking layer. Photons strike on the flat
areas with smaller incident angles, resulting in higher front surface reflection [8]. This
shortcoming is improved if the wells are fabricated more deeply, as shown in Figure 4.
Therefore, a texturing technique capable of producing such deeper wells is highly
desirable. For the deeper well case, it is potentially so good a structure that it can even
be used for monocrystalline silicon to improve the device performance [17].
20-25 pm
Figure 4. Schematic diagram of the
cross-sectional view of the surface texture
highly desirable for crystalline silicon
solar cells.
In other words, the efficiency gain obtained for a cell with the honeycomb texture relative to a cell
with a planer surface.
4 The cell had an optimized silicon nitride antireflection coating.
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1.2 Process requirements
Our research goal is to develop a suitable texturing technique that can create a
regular honeycomb texture on multicrystalline silicon wafers (Figure 3). Nearly
hemispherical wells are acceptable, but deeper wells are highly desirable (Figure 4).
As mentioned above, a honeycomb texture can be easily fabricated by
photolithography in conjunction with isotropic etching [17,18]. However,
photolithography is usually the most expensive and laborious as it requires expensive
materials and a number of time-consuming steps. A texturing technique suitable for
solar cell manufacturing should fulfill many requirements to have a real impact on the
PV industry. These requirements are described below:
a) Use of p-type silicon: The vast majority of crystalline silicon PV substrates are
p-type and hence the technique must work with p-type material.
b) Crystallographic Insensitivity: Since this technique is specifically intended for
industry-standard multicrystalline wafers, there must be little or no dependence on
either crystallographic orientation or defect density.
c) Geometric Definition: The technique must be able to create a honeycomb texture
with pitch at least as small as 20-25 pm , given that cell wafers are only 200
micrometers thick and will be thinner in the future. This imposes a requirement on
the resolution as well as on the ability to define the slope of the sidewalls.
d) Rate: Typical production rates for a PV factory are 60 wafers/minute. If 120
wafers are etched simultaneously, the etching can take approximately 2 minutes. If
a higher degree of parallelism is implemented, the etching can take longer, up to
30 or 60 minutes. As a general guideline, etch rate should be higher than
0.5-1.0 pm/ min.
e) Cost: Some techniques can easily create hemispherical wells or even deeper wells,
for example, photolithography or reactive ion etching. These techniques are not
acceptable because of the cost issue.
f) Reliability: An industrial texturing technique should be highly reproducible and
reliable.
Our research for developing a texturing technique that meets these requirements
has covered two distinct approaches. Chapter 2 will discuss the first approach:
photo-defined etching. Chapter 3 through Chapter 8 will discuss the second one:
surface patterning by microfluidic lithography in combination with selective
wetting/dewetting and selective condensation.
Chapter 2 Photo-Defined Etching
The first approach discussed in this thesis is a light-defined etching process. The
reason we explored this approach at the onset of the research investigation was that it
may have two crucial advantages over isotropic chemical etching with an etch mask:
a) The use of an etch mask is eliminated and the process is greatly simplified.
b) Deeper wells may be created by a light-directed etching process; the slope of the
sidewalls of the wells may be controlled by modulating the intensity of light.
As will be discussed later, the current available literature on photo-defined
etching of n-type silicon is abundant, but that on p-type is scarce. Among those scarce
experimental results available for p-type silicon, only one result presented by Vallera
and co-workers attracted our attention [20]. All other experimental results did not
seem to support a possibility of creating an appropriate surface texture reliably and
rapidly. Thus, our research focus for the photo-defined etching approach has been to
try to extend what was demonstrated by Vallera. Further theoretical consideration,
however, has led to a conclusion that there are fundamental limitations on the
resolution achievable with Vall8ra's technique.
In this chapter, a review of the relevant literature will be given first in Section 2.1,
and then the theoretical consideration for the feasibility of Vallera's technique will be
presented in Section 2.2. A conclusion is provided in Section 2.3.
2.1 Literature review
Section 2.1.1 will summarize the literature on photo-defined etching. In addition,
diffusion of chemical species in the electrolyte in an electrochemical process is
another critical aspect to understand in order to reach a conclusion on the feasibility of
Vall6ra's technique. Thus, Section 2.1.2 will give a brief description about relevant
diffusion theories.
2.1.1 Photo-defined etching
Photo-defined etching utilizes the properties of semiconductor/electrolyte
junctions. A general review of the properties can be found in References 21-25.
Particularly, when an n-type semiconductor is biased positively or a p-type
semiconductor is biased negatively relative to the electrolyte, the
semiconductor/electrolyte junction is characterized by a bending of the
semiconductor's conduction and valence bands, and by a space charge region at the
semiconductor surface. Figures 5 and 6 show the corresponding energy diagrams of
n-type and p-type respectively. When light of energy greater than the bandgap strikes
the surface and is absorbed by the semiconductor, electrons and holes are generated
and are subsequently separated by the electric field in the space charge region
associated with the band bending. Minority carriers are swept to the surface and
significant photo-effects are observed.
In the case of n-type semiconductors biased positively and illuminated, valence
band holes (minority carriers in n-type semiconductors) generated are swept to the
surface. For most technologically significant semiconductors (Si, Ge, Ill-V and 1l-VI
compounds), valence band holes are sufficiently energetic to cause oxidation of the
semiconductor in aqueous media. This phenomenon forms the basis for
photo-enhanced etching (or commonly called photoelectrochemical etching). On the
other hand, in the case of p-type semiconductors biased negatively and illuminated,
conduction band electrons (minority carriers in p-type semiconductors) are swept to
the surface. Photoreduction arises if suitable redox couples are present. Such
photoreduction leads to photo-suppressed etching if the electrolyte is an etchant for
the semiconductor. Another possible photo-effect is that metal ions added to the
electrolyte can, in some cases, be reduced to the parent metal, leading to localized
electroplating.
Figure 5. Energy diagram of an n-type
....... re semiconductor under positive bias.
Figure 6. Energy diagram of a p-type
semiconductor under negative bias.
It is well know that
2e)
qNA
(2.1)E =
kT w
where o is the space charge width, E the electric field strength, C the dielectric constant
of the semiconductor, cD the potential drop across the space charge region, and NA the
doping density [26].
Generally, it is much easier to conduct a photo-defined etching process for n-type
semiconductors than for p-type semiconductors, and research work on
photo-enhanced etching is extensive. Figure 7 shows a good example of such a
process for n-type silicon: the doping density of the n-type substrate was 105 cm-3,
the electrolyte was a 6% HF aqueous solution, the applied anodic bias was 2V, the
etch time was 10 minutes, and the minimum feature size in the surface pattern was in
the micrometer range [25]. This example demonstrated that it is possible to create a
pattern on n-type silicon by a photo-defined process at a rate better than
0.5 pm /min and with a resolution better than 10 pm.
Ec
<D.. . . . .. . . . . . .
..................... E,,.a,,,
e6pm 9 12pm Cross-section f
Figure 7. Maskless photo-enhanced etching of n-type silicon. In this experiment, a
diffraction pattern was projected by a laser beam onto the surface of a polarized silicon
substrate immersed in hydrofluoric acid. The photocurrent generated in the substrate
modulates the etching rate to produce the topography. A diagram of the electrochemical cell
used in the experiment is shown in upper left. Photo taken from Lehman, Electrochemistry of
Silicon [25].
On the other hand, not much work can be found from the literature on
photo-suppressed etching for p-type silicon. The most important reason is probably
that photo-suppressed etching under negative bias requires an oxidizer that attacks
silicon chemically, not electrochemically. In other words, the required oxidizer should
involve only local exchange of electrons with silicon surface bonds, and should not
oxidize silicon by injecting holes into the valence band. (Reference 27 provides a
good explanation for the difference between chemical etching and electrochemical
etching.) If an oxidizer that attacks silicon electrochemically-by injecting holes into
the valence band-is used, injected holes will drift away from the
semiconductor/electrolyte junction to the bulk due to the direction of the band
bending under negative bias, and will not remain at the junction and cause surface
dissolution. Thus, etch rates generally drop to zero under slight negative bias with
oxidizers that attacks silicon electrochemically. For example, etch rates in aqueous
solutions containing HNO 3 and HF show this behavior, as shown in Figure 8 [24]. In
contrast, if an oxidizer that attacks silicon chemically is used, a considerable etch rate
is maintained even at moderate negative bias. Unfortunately, as far as I understand,
only two oxidizers attack silicon chemically-OH~ and bromine, while all other
oxidizers attack silicon electrochemically, including nitric acid, chromic acid and
permanganate acid [24]. KOH and other similar alkaline solutions are a well-known
case of chemical etching; however, alkaline etching is highly dependent on
crystallography, not suitable for multicrystalline silicon. The only other case of
chemical etching is when bromine is used as an oxidizer in the HF solution [27].
F Figure 8. Current-potential and
etch rate-potential curves of
stationary (a) p-type (b) n-type
/-2 crystalline silicon electrode in 6M
.. S. -50 HNO3, 6M HF aqueous solution.
Figure taken from Zhang,
electrochemistry of silicon and its
oxide [24].
100
1.10
A 200
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Etching of silicon in an aqueous solution containing HF and Br 2 has been studied
and an etching mechanism has been suggested in which Br2 molecules add across
Si-Si back bonds, as illustrated schematically in Figure 9 [28,29]. Also, in this system,
the reduction of bromine by conduction band electrons is favorable kinetically:
Br2+ e -+ Br- + Br - and Br - + e -> Br
Thus, if a p-type silicon electrode is illuminated non-uniformly, photo-generated
electrons reduce bromine in illuminated regions to effectively compete with chemical
etching of silicon by bromine. As a result, the rate of chemical etching in illuminated
regions is suppressed with respect to that in dark regions. There may be two routes by
which the photoreduction reaction proceeds to suppress etching: either by decreasing
the local bromine concentration or by "repairing" Si-Si bonds broken by the chemical
etching process [28]. The photo-defined etching process is schematically described in
Figure 10. Vallbra and co-workers utilized this phenomenon of photo-suppressed
etching to create a surface texture on p-type silicon, as shown in Figure 11 [20]. Their
major achievement was that nearly complete suppression of etching in illuminated
regions was demonstrated, and a significant etch rate difference between illuminated
and dark regions, close to50fpm/hr , was observed. There existed a few other
experimental results in the literature, but none of them showed as satisfactory an etch
rate difference as in Vallra's work.
Surface atom
H
Si
six ISi
Si
+ Br 2
I ,
Si
six I,
Figure 9. Schematic illustration of the mechanism of silicon etching in a solution
containing bromine and hydrofluoric acid.
a)
h v transparent
photomask
Y
p-Si
Br 2 + e
Br - + e
Br + Br-
> Br
negative bias
- M M MM
Figure 10. Schematic representation of photo-suppressed etching: a) Light passes
through the transparent region of the photomask and generates electron and hole pairs
in the illuminated region. Electrons drift to the interface and reduce bromine, while
holes drift to the back contact under negative bias. b) Pattern obtained by
photo-suppressed etching.
Figure 11. Profile of a silicon.. . . . . . . . . . . .
sample obtained by Vallbra and
co-workers by imposing a 2.5mm
period light pattern and a
cathodic current on the silicon
electrode [20]. j f/
The above discussions describe phenomena that occur when an n-type
semiconductor is biased positively or a p-type semiconductor is biased negatively
relative to the electrolyte. Instead, if an n-type semiconductor is biased negatively or a
p-type semiconductor is biased positively, no photo-effect is observed. In these cases,
majority carriers accumulate at the surface, and their high concentration is little
affected by light.
In addition, a semiconductor may also be maintained under open circuit
conditions. When its surface is non-uniformly illuminated under such conditions,
local photo-anodes and photo-cathodes are created and photoeffects are observed.
However, theories have shown that photocurrents (quantum efficiency) depend on the
potential drop across the space charge region, which is at the minimal level under
open circuit conditions [29]. Thus, under open circuit conditions, photoeffects are
minor and consequently any etch rate difference between illuminated and dark regions
is not significant, making pattern creation a very slow process.
Photoeffects that arise from the interaction of light and semiconductors have
been reviewed above. Another closely related photo-induced phenomenon is one that
arises from the interaction between light and chemical species in the electrolyte,
particularly light-activated oxidizing molecules such as H20 2 and Br2. For example,
research showed that weak and delocalized etching was observed up to several
millimeters away from a focused UV laser spot, when H20 2 was used as the oxidizer
for etching GaAs [26]. The reason why such etching was delocalized was probably
the extensive diffusion of activated oxidizing molecules that existed everywhere in
the light path between the air/electrolyte interface and the electrolyte/semiconductor
interface. Therefore, for a maskless etching process, it is necessary that light
activation of the bulk electrolyte be unimportant, since such a delocalized effect
would be deleterious for a high-resolution surface pattern [26].
2.1.2 Diffusion at microelectrode arrays
The photo-defined etching process for p-type silicon utilized by Valldra and
co-workers to create the surface texture in Figure 11 is basically a process that takes
light to induce a microelectrode array where the electrochemical reduction occurs
mostly in illuminated regions. Illuminated regions are active areas in the array where
bromine is reduced and etching is suppressed. Thus, it is no surprise that a good
comprehension of theories about microelectrode arrays is necessary in discussing
photo-suppressed etching for p-type silicon. The aim of this section is to give a brief
review of microelectrode arrays, particularly of their most relevant aspect-diffusion.
A quantitative description of diffusion at microelectrode arrays (usually regular
two-dimensional square or hexagonal arrays) must take into account the interactions
between the diffusion fields of individual microelectrodes. When individual
microelectrodes in a regular array are operating at the same potential, the most
important factor that determines the interactions is the relative dimension of the
distance d between two neighboring electrodes in comparison to the thickness of the
diffusion layer, 6, developing at the electrodes. Since the thickness of the diffusion
layer increases over time, the interactions for a given array geometry will be strongly
dependent on the time scale of the electrochemical perturbation t [21,30-32].
Generally, we may use the Einstein equation to approximate the thickness of the
diffusion layer,
5 = 2Dt (2.2)
where D is the diffusion coefficient of the species involved in the electrochemical
process [21,31,33,34].
Figure 12 shows a schematic diagram of an electrode surface, where circular
active regions with equal radii ro (disk microelectrodes) are arranged in a rigid
hexagonal array and inert regions indicated by shaded areas. Figure 13 shows a
schematic representation of diffusion interactions between individual disk electrodes
in the array and overall diffusion profiles developing at different times. Figure 14
indicates the cylindrical coordinate axes, r axis and z axis, which commonly used for a
single disk electrode.
Figure 12. A schematic diagram of an electrode surface, where circular active
regions with equal radii ro (disk microelectrodes) are arranged in a rigid hexagonal
array and inert regions are indicated by shaded areas.
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Figure 13. Schematic representation of diffusion profiles developing at an array of
disk electrodes at different times of the electrochemical perturbation: a) linear or
planar diffusion at short times, b) non-linear or quasi-hemispherical diffusion at
intermediate times, c) overlapping of individual diffusion layers at the characteristic
time for the quasi-hemispherical to planar transition, and d) linear or planar diffusion
at longer times.
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Figure 14. Coordinate axes for a disk microelectrode.
At very short times, the thickness of the individual diffusion layers is small with
respect to the radius of the electrodes r , i.e., 2Dt << r , and planar diffusion is
observed at each electrode, as shown in Figure 13a). For an electrode
with r = 2.5pm and D =1.0 x 105 cm 2 Is, t should be much less than 0.003125
second in this regime.
At intermediate times, the individual diffusion layers become larger than the
electrode dimensions. When the distance d between two neighboring electrodes is still
relatively large in comparison to the size of the diffusion layers, i.e., ro << 2I << d,
the electrodes in the array do not interact with each other, and quasi-hemispherical
diffusion takes place at individual electrodes (Figure 13b)). If d = 25pm and
D =1.0 x 10-5cm 2 s, t should be much less than 0.3125 second in this regime.
At longer times, the individual diffusion layers continue to develop and at some
point the size of the diffusion layers will be close to the distance d; in other words,
2Dt ~ d (2.3)
Thus, the diffusion layers developing at adjacent electrodes begin to interpenetrate
each other (Figure 13c)). If d = 25pm and D = 1.0 x 10- cm 2 Is , this occurs at around
5 If the radius of a disk electrode is not sufficiently small, the diffusion profile is not entirely
hemispherical as in the case of a spherical electrode. Diffusion occurs in two dimensions: radially with
respect to the axis of symmetry and normal to the plane of the electrode.
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0.3125 second. At even longer times when 2Dt >> d , the overlapping of individual
diffusion layers results in an apparent global diffusion layer that extends over the
array in a planar fashion (Figure 13d)), while nonlinear diffusion is only confined to a
thin layer adjacent to the array surface that approximately has a thickness equal to the
distance d [35]. If the imposed potential is sufficiently high so that the concentration
of the species involved in the electrochemical process at the surface of the electrodes
is zero for all t > 0 , the diffusion profile for z > d in this heavily overlapping regime
can be written as:
zC(z,t)=C [1-erfc( )] (2.4)
2,[Dt
where C* is the bulk concentration of the chemical species involved [21,30]. The array
behaves like a single large electrode having an area equal to the geometric area of the
entire array A"", including the active electrode areas A' and the inert areas A'""' . Also,
the Cottrell equation gives the current-time response as:
i(t)= FA taD C (2.5)
Z1/2 t1/2
where n is the stoichiometric number of electrons consumed in the electrode reaction,
and F is the Faraday constant.
Thus, at very short times, the electrodes behave as if they were individually
separated, but at long times the individual active areas are no longer distinguishable.
As shown in Equation (2.3), the characteristic time at which the transition occurs and
individual diffusion layers merge into a single large field can be approximated as [31]:
to,-anson Z - (2.6)
2D
Equation (2.6) is a general estimate, and differences have been observed among the
calculations of transition times, which depend on the way electrodes are arranged in
the array to some extent [32,36]. But for our discussion, Equation (2.6) is sufficient
and will be used in Section 2.2. Note that we have mentioned t transhOio ~0.3125 second
if d =25pm andD =1.0 x 10-cm2 /s . If d = 2.5mm, ttransition 3125 seconds or 52.08
minutes. Therefore, the diffusion profile at a microelectrode array
with d = 25pm looks very different from that at an array with d = 1mm . The former is
almost planner at all times expect for a very short initial period, while the latter is
almost always quasi-hemispherical in any practical experimental settings [37].
All the limiting behaviors and their transitions described above have been
observed experimentally at microelectrode arrays [38-43]. These situations have been
treated theoretically for cases in which the active areas are uniform in size and
distributed in regular arrays [31,32,36,37,39,44-46]. For cases where the active areas
are distributed in a square or hexagonal lattice, the common approach is to
approximate the surface of the array as an ensemble of independently performing
diffusion domains that are considered as the base of a semi-infinite unit cell (diffusion
domain approximation) [31,39]. Theoretical results have been obtained analytically
[39] and numerically [37,44,45]. Analytical solutions give accurate results but appear
limited to the diffusion regimes at short and long time ranges. Good agreement
between experimental data and results based on simulations were reported over the
entire time range. The transition from hemispherical to planar diffusion at arrays of
microelectrodes has also been treated as the overlap of equivalent diffusion zones in
the case of square, hexagonal, and random arrays [32,36]. Rigorous solutions of
diffusion at statistical arrays are obviously impossible and are generally adapted from
those estimated at regular arrays by the introduction of statistical corrections [32,47].
The effect of convection on the electrochemical behavior of microelectrode arrays has
also been considered [48,49].
2.2 Theoretical consideration for Vall~ra's technique associated with complete
etching suppression
As discussed in Section 2.1.1, photo-defined etching for p-type multicrystalline
silicon requires an etching solution that attacks silicon chemically and is also
crystallographically insensitive, and based on the current available literature, the only
recipe that has both properties is a solution containing HF and Br2. Section 2.1.1 also
mentioned that the mechanism of photo-defined etching using an aqueous solution
containing HF and Br2 has been studied. Shortly, when a p-type silicon electrode is
illuminated non-uniformly, minority carriers (electrons) are generated and
photoreduction occurs in illuminated regions. Then, either the local bromine
concentration in illuminated regions is reduced, or Si-Si bonds broken by the etching
reaction in illuminated regions are "repaired." Etching is suppressed in illuminated
regions relative to dark regions. Vall~ra and co-workers have utilized this
photo-suppressed etching phenomenon to create a surface texture on p-type silicon
(Figure 11). In Vall~ra's work, the major achievement was that almost complete
suppression of etching in illuminated regions was demonstrated, and a significant etch
rate difference between illuminated and dark regions, close to50Pm/hr , was
observed. Although a few other experimental results existed, none of them showed as
satisfactory an etch rate difference as in Valldra's work. Therefore, our research focus
for the photo-suppressed etching approach has been to understand whether it is
possible to utilize and extend Vallera's technique associated with complete etching
suppression to fulfill our needs.
In Vall6ra's work, "...... a cathodic current was imposed, carefully chosen so
that the current density in the illuminated area should be ...... just in excess of the
bromine reduction plateau, with the hope that total inhibition of etching might then
occur. ...... in the illuminated regions the etch rate is now close to nil, as expected"
[20]. In other words, a sufficiently high negative potential was applied to the p-type
silicon electrode such that the cathodic photocurrent was in a level as high as the
limiting current (the current plateau), implying that the bromine concentration at the
electrode surface z = 0 in illuminated regions was close to zero [21]:
C(z=0)~0 (2.7)
Thus, etching was almost completely suppressed in illuminated regions, which in turn
resulted in a significant etch rate difference between illuminated and dark regions.
Their drawback, however, was that the lateral resolution of the pattern created was on
the order of a few millimeters, which is far from satisfactory. Therefore, in this section
we will theoretically examine, when using Vall6ra's technique of complete etching
suppression, the possibility of improving the lateral resolution to 25 pm without
significant compromise in the etch rate difference between illuminated and dark
regions. Only a combination of high lateral resolution and high etch rate difference
can make photo-suppressed etching useful for creating a light trapping texture on
silicon solar cells.
Arguably, two diffusion factors determine the lateral resolution for
photo-suppressed etching: 1) diffusion of photo-generated minority carriers (electrons)
in the p-type silicon substrate and 2) diffusion of the oxidizing species (bromine) in
the electrolyte. The former factor affects how electrons distribute in the bulk silicon
and at the silicon surface and where they reduce bromine and suppress etching. A long
diffusion length of electrons would result in a nearly constant photoreduction rate
across the silicon surface, and no significant difference in etch rate could be
established. The latter factor affects how bromine molecules distribute in the
electrolyte and where they oxidize silicon. A long diffusion distance of bromine
would result in a nearly uniform bromine concentration and oxidation rate, even if the
distribution of photo-generated electrons is not uniform.
These two diffusion factors will be discussed separately. Section 2.2.1 will
discuss diffusion of bromine in the electrolyte first because its underlying theory is
well understood, as described in Section 2.1.2. Section 2.2.2 will discuss diffusion of
electrons in the silicon substrate. Finally, Section 2.2.3 will give a summary.
2.2.1 Diffusion of bromine in the electrolyte
In this section, it will be assumed that diffusion of electrons in the silicon
substrate does not cause a problem to the desired 25 pm resolution for
photo-suppressed etching. In other words, it will be assumed that there is a way to
control precisely how electrons distribute in silicon and where they reduce bromine.
The assumption is not likely to be true in reality, but we will not discuss more about
this assumption until Section 2.2.2.
Even under the above favorable assumption, some intuition will show diffusion
of bromine may cause a problem. The diffusion coefficient of bromine in water
depends on temperature, and a typical estimate isD =1.0 x 105 cm 2 Is [21,50,51].
Equation (2.2) gives the diffusion distance in one second as:
5 = 2Dt = (2)(1.0 x 10--)(1) = 4.5 x 10-3 cm = 45pm
The number is already larger than the 25 pm spacing of the targeted texture (Figure 4).
Moreover, a practical industrial etching process will run for much longer than
one second. For our photo-suppressed etching process, 20-25 pm of silicon needs to
be removed in dark regions to obtain the surface texture in Figure 4, but it is not
possible to take an etching solution that can remove, for example, 20-25 pm in one
second to avoid the bromine diffusion problem. First of all, the etching process
consists of steps such as wafer immersion into the solution at the beginning of the
process and wafer removal from the solution at the end, and these non-etching steps
both takes a few seconds. A high etch rate will remove too much material during these
non-etching steps. A more reasonable etch rate may be a level that will not remove
more than 10% of the required amount of material (20-25 pm ), or approximately
2 pm , during the non-etching steps. If 10 seconds are assumed for the non-etching
steps, an acceptable etch rate is no more than 0.2 pm/s. Thus, the process runtime
20
should be longer than =100 seconds. Secondly, another practical limitation for
0.2
etch rate is that the solubility of bromine in water is very limited. Also, bromine does
not oxidize silicon as fast as nitric acid. Thus, it is even questionable to prepare a
bromine-based solution that can etch as fast as 0.2pm /s. (The etch rate in Vallera's
work was less than 0.5 pm per minute [20].) However, if this practical limitation is not
taken into consideration and, with the etch rate required to be less than 0.2 pm / s, the
process runtime is at least 100 seconds and the diffusion distance is at least:
a = 2Dt = (2)(1.0 x 10- 5)(100) = 4.5 x 10- 2 cm = 450pm
The long diffusion distance either for 1 second or 100 seconds shows that even
under the assumption that it is possible to control how electrons distribute in silicon to
establish a variation in the bromine concentration, which is one of the most important
parameters in determining etch rate, the variation will not sustain itself for a long
period time. If the concentration variation occurs over 25 pm , it is difficult to imagine
that this concentration variation can sustain itself for a few seconds.
Beyond the above intuitive reasoning, a theoretically rigorous approach to
understand how diffusion of bromine influences the photo-suppressed etching process
is to solve a diffusion equation analytically or numerically. In doing so, however, we
should keep in mind that here we will only examine Vall6ra's technique associated
with complete etching suppression, as mentioned earlier. As stated in Equation (2.7),
following Vall6ra's technique associated with complete etching suppression, the
bromine concentration at the electrode surface in illuminated regions is zero. This
should be one of the boundary conditions for our analysis. With this boundary
condition, the complexity of the diffusion problem is greatly reduced, and a simplified
treatment can be easily developed based on the diffusion theory for microelectrode
arrays described in Section 2.1.2. Solving a three-dimensional diffusion equation is no
longer necessary.
Here we will present the simplified theoretical treatment based on the diffusion
theory in Section 2.1.2. The goal of our analysis is to understand, when following
Vall6ra's technique associated with complete etching suppression, whether it is
possible to improve the lateral resolution of the created pattern to 25 pm without
significant compromise in the etch rate difference between illuminated and dark
regions. (The etch rate difference was originally close to50pm/hr .) A few
assumptions regarding process settings and constraints will be made first to define the
process scenario:
a) The p-type silicon electrode is stationary to allow a precise illumination
pattern to shine onto it.
b) Light is passed through a photomask that has an array of opaque circular
regions with equal radii ro , as schematically shown in Figure 10a). In order to create
the targeted honeycomb texture (Figures 3 and 4), ro is assumed to be 10 pm, and the
spacing between circular regions is 25 pm. If the array is hexagonal, an illumination
pattern similar to Figure 12 is created on the silicon wafer: shaded regions in Figure
12 now indicate illuminated areas while non-shaded regions (of a radius 10 pm ) dark
areas. This illumination pattern allows etching to be suppressed on shaded regions and
a honeycomb texture may result.
c) The etching solution is maintained unstirred and stationary. The bromine
concentration variation at the silicon surface induced by photocurrents should not be
disturbed by any unsystematic liquid flow. Also, it is necessary to maintain a
consistent concentration variation across the entire large-area wafer surface. For these
reasons, stirring does not seem to be a good idea.
d) The solution contains a large excess of supporting electrolyte so that the effect
of migration can be neglected.
e) The background etch rate (the etch rate in the dark at the bulk solution
concentration) should be no more than 0.2 pm / s to avoid too much material being
removed during the non-etching steps. This implies that the process time is at least
100 seconds. (This requirement has been mentioned above.)
f) Etching in illuminated regions is almost completely suppressed, as in Vall6ra's
work. This can be achieved by a sufficiently negative potential and a sufficient light
intensity. This assumption implies that the local bromine concentration is effectively
zero at the illuminated surface, as stated by Equation (2.7). In addition, it also implies
that the photoreduction rate rp is much faster that the etch rate r to be able to
sufficiently compete for the reduction of bromine, or r,,> > rel .
g) No significant amount of electrons appears in dark regions to cause bromine
reduction. (This has already been assumed at the beginning of this section.)
Assumptions a) to f) will be treated as basic process requirements, but
Assumption g) is made for the sake of simplicity and will be relaxed in later
discussions. According to Assumptions b) and g), an array of interconnected
microelectrodes (shaded regions in Figure 12) is "activated" to suppress etching.
Furthermore, according to Assumption f), the bromine concentration at the surface of
the microelectrodes (illuminated regions) is effectively zero for all t > 0, so the etch
rate there is effectively zero too. As the process proceeds, illuminated regions remain
unattacked while dark regions are etched gradually by the nonzero concentration of
bromine in those regions. In order to visualize how dark regions are being etched
during the process, we need to look at how the bromine concentration profile develops
over time in dark regions.
Since rPI,>>r (Assumption f)), the bromine concentration profile developed at
the silicon surface is determined mainly by the photoreduction reaction. Thus, if the
influence of the etching reaction on the bromine concentration is temporarily ignored,
the diffusion theory for microelectrode arrays described in Section 2.1.2 can be used
with slight modifications to understand how the bromine concentration profile
develops. The diffusion theory described in Section 2.1.2 applies to an array of
independent microelectrodes that generally have a dimension smaller than the
distance d between two neighboring electrodes. And for such an array, at short times,
electrodes in the array do not interact with each other, and quasi-hemispherical
diffusion takes place at individual electrodes (Figure 13b)). However, at long times,
individual diffusion layers interpenetrate each other and the heavily overlapping of
individual diffusion layers will result in an apparent global diffusion layer that
extends over the whole array in a planar fashion (Figure 13d)), whereas nonlinear
diffusion is confined to a thin layer adjacent to the array surface that has a thickness
approximately equal to the distance d between two neighboring electrodes,
or 25pn (Assumption b)). The characteristic time at which planar diffusion begins to
prevail can be estimated by Equation (2.6). Although the above description of the
diffusion layers does not apply to our interconnected microelectrodes as defined in
Assumption b) at short times, however, it should still apply at long times and the
characteristic time defined in Equation (2.6) should be also valid. Since d = 25pm,
Equation (2.6) gives t,.to = 0.3125s. Thus, the transition time is sufficiently short
with d = 25pm, and the bromine concentration profile outside the thin nonlinear
diffusion region z > d (25pm) can be practically considered as planar at all times. (Or
more precisely, it can be considered as planner after approximately a few seconds, as
modeled in Reference 18.)
Therefore, the bromine concentration at z = 25pm can be calculated by Equation
(2.4). The calculated result is plotted in Figure 15.
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Figure 15. The bromine concentration at z = 25pm from 0 to 60 seconds. It
effectively drops to a negligible level in less than 20 seconds under the condition of
complete etching suppression in illuminated regions.
Figure 15 shows that the bromine concentration at z = 25pm effectively drops to a
negligible level in less than 20 seconds. Thus, the concentration at any point z < 25pm
follows the same trend, and in fact should approach zero faster and earlier than
at z = 25pm. (The concentration at the dark silicon surface cannot be estimated easily
without numerical simulations. The concentration at z = 25pm has been used to
determine the upper bound for the concentration at z = Oum .) It follows that the etch
rate in dark regions vanishes quickly due to the depletion of bromine. For instance,
C
at t = 60s , C = 0.05 2 at z = 25pm, and C should be even lower at the dark surface
where z = 0. Figure 15 shows that etching is effective only in a very short initial
period (a few seconds). Since Assumption e) dictates that the background etch rate
(the etch rate at C = C) is in such a level that the process time is longer than 100
seconds, the final conclusion is that it is practically impossible to etch deeper in dark
regions due to the depletion of bromine.
The influence of reic, on the bromine concentration profile has been ignored in the
above discussion. If it is taken into consideration, bromine is depleted even earlier in
dark regions, because etching consumes bromine. Also, it is inherently assumed that
not much material in dark regions is removed so that the whole wafer surface remains
flat and the diffusion theory in Section 2.1.2 applies well. This inherent assumption is
justified by the conclusion that it is not possible to etch deeper in dark regions.
Finally, as mentioned above, Assumption g) is not a process requirement but only
made for simplicity. If Assumption g) is relaxed, i.e., some electrons are available in
dark regions to reduce bromine, this will have a consequence similar to that of the
etching influence being taken into consideration: bromine is depleted even earlier in
dark regions because more bromine is consumed.
This section has shown that, because of the long diffusion distance in aqueous
solutions, complete etching suppression in illuminated regions only results in shallow
grooves in dark regions if the spacing between illuminated regions is only 25pm.
Therefore, although Vallera's technique was shown to have two very favorable results,
complete etching suppression in illuminated regions and a high etch rate contrast, it is
simply impossible to improve its lateral resolution without significant compromise in
the etch rate contrast.
The approach taken here to reach this conclusion may not be a mathematically
rigorous one, but it has been based on reasonable assumptions and estimations. If a
complete knowledge about the fundamental kinetics is available, three-dimensional
simulations may be conducted to model the process in a more rigorous way. Although
such simulations are intellectually interesting, they have little importance in making a
real impact on the current global warming crisis. Thus, only a brief discussion of these
simulations is given in Appendix A.
2.2.2 Diffusion of photo-generated electrons in the silicon substrate
In Section 2.2.1, it was assumed that there is a way to control precisely how
photo-generated electrons distribute in silicon and diffusion of electrons does not
cause a problem. But in reality it is questionable when the distance d between
neighboring illuminated regions is as small as 25pm.
Typically, the diffusion length of minority carriers in multicrystalline silicon for
solar cell applications is on the order of 100 pm [20]. Thus, to create a 25pm texture by
a photo-defined etching process, photocarrier diffusion may pose a problem [52].
However, in light of Figure 7 where a texture at a micron level resolution was
obtained for n-type silicon, the carrier diffusion problem may seem to be conquerable.
Theories barely exist to allow us to easily understand or model photocarrier
distribution at the silicon surface during a photo-defined etching process. But arguably,
photo-carrier distribution depends on 1) carrier drift in electric fields within the space
charge region, and 2) diffusively controlled carrier movement outside the space
charge regions. The resolution of a photo-defined etching process may be improved
when carrier drift is enhanced and diffusion is suppressed. For example, one way of
doing so may be to apply a higher voltage to increase the width of the space charge
region (Equation (2.1)). Another way documented in the literature is to use light that
is absorbed by silicon completely in the space charge region [25]. Thus, light
wavelength, which determines absorption depth, is an important parameter. But in this
regard, it should be noted that bromine molecules absorb photons strongly in the
range of 350nm-550nm [53-55]. (550nm corresponds to an absorption depth of about
2 microns in silicon [56].) This imposes a limitation on the actual spectrum of light
that passes through the bromine solution to be absorbed by silicon.
Overall, it remains unclear to us how well the distribution of photo-generated
electrons can be controlled. However, this thesis does not intend to make more effort
on this issue since Section 2.2.1 has shown that there is already a serious limitation in
the achievable lateral resolution due to the diffusion of bromine. It is no longer
important to discuss in details how likely it is to control the distribution of
photo-generated electrons in silicon.
2.2.3 Summary
Although it remains unclear how well the distribution of photo-generated
electrons can be controlled in p-type silicon, Section 2.2.1 has shown that diffusion of
bromine (the oxidizing species) in the solution already imposes a limitation in the
achievable resolution for photo-suppressed etching, if the etch rate difference between
illuminated and dark regions is not compromised. Even if there is another oxidizer
available to replace bromine, the same limitation remains if the candidate oxidizer is a
small molecule and diffuses as fast. (Note: For photo-defined etching of n-type silicon,
no oxidizing species is present in the solution, so this limitation is irrelevant.)
Although we have reached this conclusion for the situation where complete etching
suppression occurs in illuminated regions by following Vall6ra's technique, the
conclusion should remain true in general.
The theoretical treatment in Section 2.2.1 not only allows us to understand the
limitation in the achievable resolution for photo-suppressed etching, but it also allows
us to gain an insight to the work conducted by Vallera and co-workers that showed a
clear pattern despite an unsatisfactory resolution (Figure 11). In their work, the
resolution of the pattern created was only 2.5mm, roughly 50 pm of material was
removed at the center of dark regions, and the process time was one hour. According
to Equation (2.6), if d = 2.5mm, ta,,,SitiO, ~3125 seconds or close to one hour. Thus, in
their case individual diffusion layers did not quite interact with each other,
hemispherical diffusion dominated, and the bromine concentration in dark regions
was able to maintain at a high level. Bromine depletion did not occur and etching was
able continue for one hour in dark regions.
Finally, it is worth mentioning that although Vall6ra and co-workers pointed out
the possible constraint from diffusion of photo-generated carriers, they did not seem
to recognize the bromine diffusion problem.
2.3 Conclusion
Section 2.2 has shown that diffusion of bromine in the solution imposes a
limitation in the achievable resolution for photo-suppressed etching, if the etch rate
difference between illuminated and dark regions is not to be compromised. In addition,
diffusion of minority carriers in silicon may also cause a problem for the achievable
resolution. These two diffusion factors have made the photo-suppressed etching
process very difficult to manipulate.
We have to clarify, however, that the conclusion reached in Section 2.2 is strictly
valid for only the situation where complete etching suppression occurs in illuminated
regions by following Vall~ra's technique. Complete etching suppression is a special
case, so the conclusion cannot be completely generalized. Nevertheless, the
discussion of this special case in Section 2.2 allows one to develop the insight into the
fundamental diffusion problems and the limitations they impose on the achievable
resolution.
For the more general situation where the bromine concentration at the
illuminated surface is not zero, the concentration at the dark surface does not
approach zero either. If the spacing between illuminated regions is only 25pm,
however, the concentrations at illuminated and dark regions will tend to equilibrate
quickly, and no significant variation in bromine concentration over this small distance
can sustain itself for a long period time. Without a sustained variation in bromine
concentration, the etch rate difference between illuminated and dark regions will seem
to depend solely on how fast photo-generated electrons "repair" Si-Si bonds broken
by the etching reaction. (As mentioned in Section 2.1.1, there may be two routes by
which the photoreduction reaction proceeds to suppress etching: either by decreasing
the local bromine concentration or by "repairing" Si-Si bonds broken by the chemical
etching process.) This more general situation is much more complicated; it requires a
detailed understanding of the kinetics of both the photoreduction reaction and the
etching reaction to predict the possible surface texture that may result. Unfortunately,
no sufficient knowledge is available from the current literature. We can only indicate
that there exists more fundamental limitations in photo-defined etching of p-type
silicon than of n-type silicon, and that the available experimental results for p-type
silicon in the literature do not seem to support a significant etch rate difference
between illuminated and dark regions in situations where etching is not completely
suppressed in illuminated regions [20,27].
Therefore, although we cannot ascertain that we have complete confidence and
evidence to reach an absolute conclusion, however, based on the current literature and
our analysis in Section 2.2, we believe that the possibility of success for
commercializing photo-suppressed etching barely exists.
Finally, it is worth mentioning that, besides the diffusion problems due to
bromine and photogenerated electrons, another challenge for photo-suppressed
etching is the homogeneity of the physical back contact. A chemical back contact is
incompatible with the current solar cell manufacturing procedure; only a physical
contact can be considered. Fortunately, in our process settings for photo-suppressed
etching (a negatively biased silicon electrode), the metal/silicon junction is forward
biased so an ohmic contact is not required. However, a physical back contact on large
wafers may not be homogeneous and may cause a photocurrent uniformity problem.
The surface roughness of multicrystalline silicon wafers may render the problem more
serious.
Our research work has intended to find a practical texturization technique in a
timely manner in order to have real contributions to the global warming crisis.
Therefore, realizing the fundamental difficulties involved in photo-suppressed etching,
we decided to pursue another approach for a higher possibility of success. Chapter 3
through Chapter 8 will cover this second approach.
Chapter 3 Surface Patterning by Microfluidic Lithography in Combination
with Selective Wetting/Dewetting and Selective Condensation:
Introduction and Literature Review
The rest of this thesis, from this chapter through Chapter 8, will cover the second
approach we have studied in order to create a honeycomb texture on silicon wafers.
The second approach is based on several phenomena or techniques that are already
well known in the literature: surface patterning, selective wetting/dewetting and
selective condensation.
This chapter first gives an introduction in Section 3.1 and a brief literature
review in Section 3.2 for this second approach. Among the chapters that follow,
Chapter 4 will provide an overview of the texturization process sequence we have
developed following this approach. Chapter 5 will describe the experimental details
for the texturization process sequence. The experiments were conducted mostly using
polished monocrystalline silicon wafers, as will be discussed below. Chapter 6 will
present and discuss the experimental results in details. Chapter 7 will explore the
possibility of applying the developed process sequence to multicrystalline silicon
wafers. Chapter 8 will give a conclusion.
3.1 Introduction
Advances in soft lithography and nanoscale patterning have allowed one to
pattern the surface of a substrate with patches of different wettabilities on the
micrometer or nanometer scale [57-61]. Surface wettability patterns present a
well-defined template to direct wetting/dewetting of a liquid or condensation of a
vapor on the surface of the substrate, and to form patterned microstructures of various
materials to provide various functions without using photolithography or any
expensive cleanroom facilities [62-72]. For example, conductive and semiconductive
polymers were patterned to realize organic thin-film transistors [66,67]. Patterned
polymers were used to lift off different materials that cannot be patterned by a wet or
dry etch [71,72].
Literature has also demonstrated processes that take advantage of surface
wettability patterns to pattern an etch resist and use the resist to create microstructures
in the underlying silicon substrate [68-70]. However, none of the processes can be
commercialized to create a good light-trapping texture such as a honeycomb structure
on multicrystalline silicon wafers. For example, Kumar et al. used gold to realize
surface patterning by microcontact printing [68]. Gold was patterned and then used as
the mask for etching of silicon. Unfortunately, gold is obviously an expensive material.
Xia et al. used thin silicon oxide to realize surface patterning [69]. Oxide was
patterned and used as the mask for an anisotropic KOH etch of silicon. But the
process might have reliability problems due to SAMs (self-assembly monolayers)
printed on silicon oxide, as will be discussed in Section 3.2.1.1. Also, thin oxide is not
an appropriate etch mask in silicon etching solutions containing hydrofluoric acid,
since it does not exhibit sufficient chemical resistance to hydrofluoric acid; it can only
be used in alkaline etching solutions, which are not suitable for processing
multicrystalline silicon wafers. Thus, the major issues for inventing an appropriate
process sequence for texturing silicon wafers are to develop a low-cost and reliable
surface patterning technique and to find a low-cost etch resist that can be used in
etching solutions containing hydrofluoric acid. These have been a major part of our
focus in this research.
In addition to the focus on a low-cost and reliable surface patterning technique
and an appropriate etch resist, our research has also covered other areas in order to
develop a complete process sequence specifically for creating a honeycomb texture on
silicon wafers. Like most of the research work mentioned in the previous paragraph,
our texturization process sequence should consist of three sub-sequences:
1) Surface wettability patterning: defining hydrophilic and hydrophobic regions on a
single silicon wafer,
2) Selective wetting/dewetting and/or selective condensation: using the surface
wettability pattern to control selective wetting/dewetting of a liquid and selective
condensation of a vapor, in order to define where a polymeric etch resist will or
will not coat the wafer, and
3) Etching: creating a honeycomb texture with an aspect ratio as high as possible by
a wet etch.
The etch resist obtained in the process sequence should be a film that has a hexagonal
array of small circular holes in the film in order to obtain a honeycomb texture by a
wet etch.
Due to the limited scope of this research, however, we have concentrated on the
first two sub-sequences. For the etching sub-sequence, only isotropic etching in a
solution of 6:1 HNO 3:HF has been investigated. Obviously, isotropic etching can only
create hemispherical grooves at the best. Although a high aspect ratio texture is more
desirable, hemispherical grooves will still give a satisfactory light-trapping effect, as
discussed in Chapter 1. Nevertheless, if a process sequence to selectively deposit an
etch resist is successfully developed, we may be able to increase the aspect ratio later
by using more advanced etching techniques, such as metal assisted chemical etching
[73-75]. Furthermore, also due to the limited scope of this research, we
experimentally investigated the process sequence mostly using polished
monocrystalline silicon wafers, but we will briefly explore the possibility of extending
the process sequence to the multicrystalline case.
In developing the texturization process sequence, our strategy is to study
state-of-the-art working technologies and to integrate promising ones into a sequence
specifically for texturing silicon wafers. When any technique that is necessary for the
integration is missing, we conduct original research. By following this strategy, we
have hoped to develop a successful process sequence in a short period of time.
Section 3.2 will give a brief review of the literature that has provided useful
information or insight for our research.
3.2 Literature Review
As mentioned in Section 3.1, our texturization process sequence should consist
of surface wettability patterning, selective wetting/dewetting and/or selective
condensation, and etching. Section 3.2.1 reviews various surface patterning
techniques that may be suitable for generating wettability patterns. Section 3.2.2
reviews selective wetting/dewetting of a liquid especially in a dip-coating process.
Section 3.2.3 discusses selective nucleation and condensation of a vapor, particularly
water vapor. As limited by space, a comprehensive review is beyond the scope of this
thesis; we emphasize literature that is closely related to the development of our
texturization process sequence. Since only isotropic etching in a solution of 6:1
HNO 3:HF has been investigated in our experiments, literature on etching is not
discussed.
3.2.1 Surface patterning techniques
To develop a cost-effective surface patterning technique for generating
wettability patterns, arguably, the best material to apply the technique is either
hydrogenated silicon (or clean silicon) or silicon dioxide. Silicon dioxide is easily
available after thermal oxidation or a surface cleaning step in hydrogen peroxide and
ammonia hydroxide. Clean silicon is available after dipping an oxidized silicon
substrate into an HF solution to remove the oxide layer completely. Using these
materials for wettability patterning requires no extra materials or equipment. In
addition, clean silicon dioxide appears hydrophilic, and preliminary experiments
showed that the contact angle of water on silicon dioxide is smaller than 10 degree.
Clean silicon surface is hydrophobic, and the contact angle of water is approximately
90 degrees. By nature they are among the best hydrophilic/hydrophobic materials to
generate wettability patterns for our purpose.
Therefore, in search for an optimal patterning technique, we have especially
looked for those that can take advantage of silicon or silicon dioxide. In addition, to
be useful for industrial applications, the technique has to be cost-effective and reliable,
and the wettability patterns obtained have to be stable. Also, The technique should be
capable of generating feature sizes on the micrometer scale.
In the fields of soft lithography and nanoscale patterning, there is much exciting
work in novel methods for surface patterning. However, only a very limited number is
suitable for generating wettability patterns for our purpose, if simplicity, reliability,
cost-effectiveness and high-throughput are all taken into consideration. This section
will review several patterning techniques that may fulfill our requirements.
3.2.1.1 Microcontact printing of SAMs
In the 1990s, G. M. Whitesides and co-workers proposed a new set of
non-photolithographic patterning techniques, collectively named as soft lithography
[57]. Soft lithography represents a low-cost and high-throughput method. Soft
lithography includes a series of different patterning approaches, all of which are
characterized by the use of poly(dimethylsiloxane) (PDMS), or other elastomeric
compounds, to replicate the geometry of a starting master and transfer a pattern onto a
substrate. This principle offers the possibility to produce faithful replicas of complex
features on the master, and to accomplish sub-100 nm resolution. Even more
importantly, the chemical and physical properties of the employed elastomers have a
large number of advantages, including the chemical stability and the capability of
making a conformal contact over a large area of the target substrate, conferring on
these technologies an unequalled flexibility [76].
Microcontact printing represents one of the soft lithographic techniques that may
be useful for our application [68,77]. During the printing process, a self-assembled
monolayer is transferred from a PDMS stamp to a rigid or flexible substrate. The
SAM forms bonds with the substrate and chemically modifies the surface of the
substrate. SAMs are particularly useful in applications that require a tight control over
the surface properties of a substrate [78,79]. For example, the surface energy or
wettability can be conveniently controlled by changing the head groups of the SAM.
Subsequently, SAMs can serve as a template to direct the wetting or dewetting
behavior of a liquid (as well as the deposition of a solid material) [80].
Microcontact printing has been extended to cover many different systems of
SAMs, including SAMs of alkanethiolates on gold, silver, copper [68,81,82]; SAMs
of alkylphosphoric acids on aluminum/aluminum oxide [83]; and SAMs of
alkylsiloxanes on HO-terminated surfaces such as silicon oxide [69,84,85]. If SAMs
such as octadecyltrichlorosilane are printed on glass or oxidized silicon substrates,
octadecyltrichlorosilane-coated regions become hydrophobic, whereas uncoated
regions remain hydrophilic [68-72].
Microcontact printing is capable of patterning SAMs with feature sizes ranging
from tens of nanometers to hundreds of micrometers. It offers an attractive technique
for surface patterning because it is simple and inexpensive. The printing process
creates patterns over the entire area of the surface in contact with the stamp at the
same time, and thus is suitable for forming patterns over relatively large areas in a
single impression [86,87].
However, the selectivity in the binding of the anchoring group of SAMs towards
different substrates seems to be a major limitation to this technique. Among various
combinations of solid substrates and anchoring groups, microcontact printing of
alkanethiolates on evaporated thin films of gold or silver seems to be the most reliable
process [58]: both systems were able to give patterns of highly ordered SAMs with
relatively low densities of defects and high edge resolutions. Printing of other SAM
systems is often less tractable: these systems may yield disordered structures,
submonolayers and multilayers. For microcontact printing of alkytrichlorosilane on
hydroxylated glass or silicon, the monolayers are not as ordered as alkanethiol SAMs:
The system gives lower edge resolutions relative to thiols on gold [69]. Patterning at
dimensions less than a few micrometers may result in the spreading of monolayers in
regions that are not in contact with the stamp [88-90]. In addition, the trichlorosilane
head of alkyltrichlorosilane is easily hydrolyzed [59,91].
One of the future directions of this area will be the development of systems in
which highly ordered SAMs can be directly formed on various technologically
important materials, such as silicon and silicon oxide, easily, rapidly, and reproducibly
[63].
3.2.1.2 Microfluidic lithography
Microfluidic lithography, also called micromolding in capillaries, is another soft
lithographic technique that may be useful for our application. Both microcontact
printing and microfluidic lithography are processes that are aimed for direct
processing of substrate surfaces to chemically change, remove, or add material. Their
difference is that, in the former, the process is localized at the contact areas. In the
latter, as discussed below, the contact areas protect the substrate and define a pattern
of unprotected areas exposed to the reagents.
The microfluidic lithographic procedure is schematized in Figure 16 [92]. A
PDMS elastomeric replica of a master, constituted by a network of microchannels, is
placed in contact with the target substrate. (PDMS offers reversible and watertight
sealing for the microchannels [76].) A liquid containing chemicals, biomolecules or
prepolymers is directed into the microchannels and fills them spontaneously due to
capillary forces. After a surface reaction, a patterned microstructure is formed on the
surface of the substrate. The PDMS mold is removed and the microstructure remains.
In addition to spontaneous capillarity, other methods have been developed to
drive liquids inside microchannels, including capillary electrophoresis [93],
electro-osmotic flow [94], and mechanical pumps [95]. Particularly, the use of
external pumps offers a high control of the flow rate and of the delivered volumes of
the liquid, overcoming the drawback of the intrinsic slowness of microfluidics that
may prevent its application from large-area patterning.
Microfluidic lithography is a simple, versatile, inexpensive and high-throughput
patterning technique. It has been used in a wide range of applications, particularly in
biological applications [94,96]. The unique characteristics of microfluidics in terms of
manipulation of liquids into spatially separated microchannels offer the possibility of
guiding solutions of biomaterials over different regions of a substrate, and of
localizing biochemical reactions on a surface with high resolution and contrast.
Besides biological applications, PDMS molds with microchannels have been
used as etch masks for etching glass with hydrofluoric acid [97,98]. PDMS is resistant
to moderate concentrations of HF [97], and if a PDMS mold with microchannels is
conformally sealed to glass for confining a solution containing HF, the microchannels
in the mold define the regions being etched, and the pattern of the microchannels is
transferred onto glass.
PDMS
mold
Place on a support
to form micro-channels
Place a drop of a fluid
containing materials to be
patterned
Fill channels by capillary action
Complete surface reactions;
Remove PDMS
patterned material
Figure 16. Schematic illustration of the microfluidic lithographic procedure.
3.2.1.3 Non-contact techniques
Both microcontact printing and microfluidic lithography take advantage of a
flexible soft stamp to realize a large-area conformal contact between the stamp and
the hard substrate. If the surface of the substrate is not sufficiently smooth, however,
techniques that are compatible with considerably wider gaps between the stamp and
the substrate are more attractive.
Non-contact techniques to achieve wettability patterning have been developed,
including electrochemical and photochemical approaches. While some of the
techniques are serial, they also work in parallel. Since serial approaches result in low
throughput, only parallel ones are briefly reviewed below. These techniques are
relatively new and less mature.
Oxidation of silicon can be locally accelerated with a large cathode, such as a
TEM grid, to form patterns of oxide [99]. In this approach, relief patterns in the
cathode result in electric field concentration differences when a voltage is applied, and
the patterns are transferred to any material that responds electrochemically to the field.
The formation of a water bridge between the cathode and the anode (the substrate)
was believed to enhance the oxidation. The submicrometer resolution capabilities of
this technique have been demonstrated [99]. Using this technique, oxidation or
decomposition of a SAM can also be performed to achieve a hydrophilic/hydrophobic
switch [100,101]. Additionally, when irradiated with UV light, wettability changes
were induced in thin coatings of photoresponsive, pyrimidine-terminated molecules
attached to gold or quartz substrates [102].
3.2.2 Selective wetting/dewetting in a dip-coating process
The wetting and dewetting of a liquid on the surface of a substrate is a
comprehensive problem the solution to which involves a wide variety of disciplines,
including surface chemistry, statistical mechanics and fluid dynamics [63]. In classical
studies, the surface was usually considered as homogeneous and perfectly flat.
However, heterogeneous surfaces have attracted lots of attention in recent years due to
the development of surface patterning techniques discussed in Section 3.2.1.
When the surface of a substrate is heterogeneous with a wettability pattern, the
pattern serves as a template to direct wetting/dewetting of a liquid. For example, if
water is applied to a heterogeneous substrate, as polar molecules with a high surface
energy, it will avoid hydrophobic regions but easily entrain onto hydrophilic regions
to minimize the total energy of the system [64,103]. For small features on the
micrometer scale, the surface to volume ratio is exceedingly large. Hence, surface
energy dominates and determines the overall shape and stability of the liquid
microstructure [104].
Different techniques can be used to apply a liquid to a heterogeneous substrate.
The liquid can be ink-jet-printed, spin-coated or dip-coated. Ink-jet printing is a serial
process, but dip coating and spin coating are parallel ones and are more suitable for
large-area processing. Also, spin coating is suitable for circular substrates rather than
rectangular ones such as multicrystalline silicon wafers. Therefore, dip coating has
been used exclusively in this study. (There are other reasons spin coating is not
preferred in our research. They will become obvious in Section 6.3.)
Dip coating is widely used in industrial applications because of its simplicity and
high throughput. In a dip coating process, a flat or curved substrate is withdrawn at a
controllable speed from a liquid reservoir. The wetting dynamics of a liquid on a
homogeneous surface during dip coating has been extensively studied in the past
[105]. For microscopically heterogeneous surfaces, both experimental and theoretical
studies were not carried out until recently, when surface patterning techniques such as
those described in Section 3.2.1 have become available [63]. Section 3.2.2.1 will
review theories on dip coating of homogeneous surfaces. Section 3.2.2.2 will review a
number of recent studies on selective dip-coating of heterogeneous surfaces. The
theories concerning the thickness of the liquid film deposited on the substrate during
dip coating are the focus in our review.
3.2.2.1 Dip coating of homogeneous surfaces
As a clean homogeneous substrate is withdrawn from a liquid bath, the
solid-liquid interaction is characterized by a spreading coefficient given by [105,106]:
S = USV -- (7SL + (7L) (3.1)
Here the o 's represent the surface energies per unit area of the solid-vapor,
solid-liquid, and liquid-vapor interfaces, respectively. The substrate will be wetted by
the liquid if the spreading coefficient is positive, and if the liquid is water, this is
considered to be the criterion for a hydrophilic surface. Conversely, the substrate will
not be wetted if the spreading coefficient is negative.
If the spreading coefficient is positive, the formation of a liquid film after
withdrawing an infinite flat plate vertically from a reservoir of a Newtonian liquid
was first described by Landau and Levich [107]. They assumed in their study that
gravitational drainage was negligible and that a balance between viscous and capillary
forces determined the coating thickness. Under the lubrication approximation, their
expression for the coating thickness h is given by:
h = 0.946leCa2 13  (3.2)
where Ca is the capillary number and is defined by Ca = pU / a, and l, is the
characteristic length and is given by l, = / 2pg . Here, U is the withdrawal speed of
the substrate, and p , o , and p denote the liquid viscosity, surface tension, and density,
respectively. The characteristic length represents the radius of curvature of a static
capillary meniscus on a completely wetting wall or likewise the height of capillary
rise [103,105]. This result is only valid for low capillary numbers, Ca <<1, since the
viscous contribution to the normal pressure was neglected in the derivation [108].
Various authors have attempted to extend the applicability of this model toward
larger values of Ca by retaining some of the previously neglected terms and by
introducing new small terms. Wilson derived an expression valid to second order
in Ca by using the method of matched expansions [103,108]:
h = l[0.94581Ca2 3 - 0. 10685Ca] (3.3)
In contrast, if the spreading coefficient is negative, a substrate withdrawn from a
liquid bath will not accumulate a liquid film; instead, the liquid will slip down the
substrate. The slip speed AV, the velocity difference between the solid and adjacent
liquid, is often assumed to be directly proportional to the local sheer rate at the
substrate surface y, and is given by AV = L, y, whereL, is a constant slip length [109].
With this assumption, and with the additional assumptions that the slip speed is small
and that the force of gravity is negligible, the maximum speed with which a liquid
drop having lateral dimension ao will slip down a nonwettable surface is given by
[106,110]:
AV =- (a00)2pg (3.4)p log(2a000 /3L)
where 0() is the contact angle of the liquid drop resting on the surface. The slip speed
represents the speed for an isolated liquid drop slipping down a nonwettable surface,
and is not directly applicable to a dip-coating process. However, Equation (3.4) is
useful in describing the general trend [106]. Particularly, it indicates that there exists a
maximum speed for the motion of the three-phase contact line upon drainage of a
liquid films on a nonwettable substrate, as reported by Petrov and Sedev [111]. The
maximum speed does not depend on the substrate withdrawal speed and time, but
only on the materials characteristics of the system.
3.2.2.2 Dip coating of heterogeneous surfaces
For heterogeneous surfaces, Darhuber et al. developed a model for the film
thickness h of a hydrophilic liquid entrained on a hydrophilic strip [103]. (The film
thickness h is defined as the maximum height of the liquid film as shown in Figure
17a).) Consider vertically withdrawing of a narrow, hydrophilic strip of
half-width W surrounded by a planar hydrophobic surface as schematized in Figure
17b) from a hydrophilic liquid bath. For W much smaller than l, the following
expression was derived:
h - WCa' 2 (3.5)
The equation was derived under the assumptions of low capillary number flow
(Ca <<1), small aspect ratios, and negligible Bond number (Bo= pgh2 / «1).
Comparing Equations (3.2) and (3.5) indicates that the exponent of Ca is decreased
from 2/3 to 1/2. In addition, the length scale controlling the deposited film is not the
capillary length l but the half width of the hydrophilic strip W . These two differences
reveal much thinner coatings on heterogeneous surfaces for comparable material
constants and withdrawal speeds. The physical origin for thinner coatings is that,
besides the curvature of the (vertical) static meniscus, there exists a second curvature
in the direction transverse to the liquid ribbon adhering to the hydrophilic strip that
effectively depresses the radius of curvature in the vertical direction and thus the
entrained film thickness [103].
a)
Hydrophobic Surface
Figure 17. a) Definition of the liquid film (or droplet) thickness h. b) Schematic
diagram of a hydrophilic strip on a hydrophobic substrate being withdrawn vertically
from a liquid bath.
Equation (3.5) predicts that the film thickness increases with the withdrawal
speed. However, as discussed in Section 3.2.2.1, there exists a maximum speed for the
motion of the three-phase contact line upon drainage of a liquid film on a nonwettable
substrate. Liquid draining from hydrophobic regions of a heterogeneous substrate
should follow the same principle as liquid draining from a purely hydrophobic
substrate, although overall hydrophilic domains on the heterogeneous substrate will
slow the draining liquid and the distribution of these hydrophilic domains will affect
how the liquid drains [106]. Therefore, Equation (3.5) should only hold true if the
withdrawal speed is smaller than the maximum contact line speed (or the maximum
drain speed). When the withdrawal speed is larger than the maximum drain speed, the
maximum drain speed should be used for calculating the film thickness by Equation
(3.5).
3.2.3 Selective nucleation and condensation
A wettability pattern can serve as a template to direct wetting/dewetting of a
liquid such as water, as discussed in Section 3.2.2. In addition, a wettability pattern
can direct nucleation and condensation of a vapor such as water vapor.
According to Volmer's classical nucleation theory, the free energy barrier AG for
the formation of a liquid nucleus on a flat surface depends strongly on the intrinsic
wettability of the surface via the contact angle 0 [112-114],
AG =;rar.2(2 -3cos+ cos0 3 )/3 (3.6)
where u is the liquid-vapor surface energy and r* is the critical nucleus radius. The
formula for the critical radius is given by Kelvin's classical equation
ln(p / p)= 2a-/nkTr*, where p is the vapor pressure over a curved interface of
radius r*, p. is the equilibrium vapor pressure above a flat surface of the condensed
phase at temperature T, n, is the number of molecules per unit volume of the liquid,
and k is the Boltzmann constant. Furthermore, the intrinsic wettability of the surface
has a strong effect on the nucleation rate J via the inverse exponential dependence
on AG,
J JO exp(-AG /kT)
JO exp[-rar.2(2 - 3cos0 + cos')/3kT] (3.7)
where JO is a kinetic constant.
Therefore, by taking advantage of the strong dependence of the nucleation
energy barrier and nucleation rate on wettability, a surface patterned with hydrophobic
and hydrophilic regions can be used to create spatial preference for nucleation, where
nucleation would be favored on hydrophilic regions. For example, water droplets can
preferentially nucleate and condense on hydrophilic regions of a heterogeneous
surface [62,113].
Experiments conducted by Koutsky et al. have shown that this theory is not
always valid [115,116]. For substrates of relatively low surface energy, the observed
free energy barrier for nucleation may be smaller than the theoretical prediction of
Volmer's theory, indicating that the active nucleation sites must have a higher energy
than the surface average.
Chapter 4 Overview of the Texturization Process Sequence
Chapter 3 has given an introduction and also a literature review for the second
approach studied in this thesis. This chapter will provide an overview of the process
sequence we have developed based on this approach to create a honeycomb surface
texture on silicon wafers.
Figure 18 illustrates our texturization process sequence, which consists of
surface wettability patterning by microfluidic lithography (Figure 18a)-c)), selective
wetting/dewetting of a mixture of glycerol and water by dip coating (Figure 18d)),
selective condensation of water vapor (Figure 18e)), selective wetting/dewetting of a
polymeric organic solution and subsequent selective coating of the polymer on
hydrophobic regions only (Figure 18f)), and wet etching of silicon (Figure 18g)). Here
we will only briefly explain a few fundamental principles/reasons for designing the
process sequence in the way shown in Figure 18, leaving the description and
discussion of the details to Chapter 5 through Chapter 7.
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Figure 18. The process sequence developed for texturing silicon wafers: a), b) and c)
microfluidic lithography; d) selective wetting/dewetting of glycerol/water by dip
coating; e) selective condensation of water vapor; f) selective coating of a polymer;
and g) wet etching of silicon.
Firstly, after applying microfluidic lithography to obtain a wettability pattern
(Figure 18a)-c)), there are two possible approaches for utilizing the pattern. One
approach is to selectively deposit a polymeric aqueous solution or a water-based
colloid on hydrophilic regions of the heterogeneous substrate. The solution or colloid
is then dried and a patterned solid film covering hydrophilic regions only results.
Another approach is to imitate the offset lithographical technology: first selectively
deposit water or some other polar liquid on hydrophilic regions, and then apply an
immiscible polymeric organic solution so that the organic solution adheres to
hydrophobic regions only. The organic solution is then tried and a patterned solid film
covering hydrophobic regions only results. The first approach would be simpler and
require fewer processing steps. However, preliminary experiments showed that the
first approach did not result in selective deposition of many water-soluble polymers or
water-based colloids, because polymers easily adhered to clean silicon (hydrogenated
silicon) and completely changed its surface property from hydrophobicity to
hydrophilicity. Therefore, we have chosen to take the second approach: first
selectively deposit water or some other polar liquid on hydrophilic regions, and apply
an immiscible polymeric organic solution afterwards.
Secondly, a mixture of glycerol and water is used, rather than pure water, for
selective deposition on hydrophilic regions (Figure 18d)). This is because at room
temperature and under normal humidity pure water dip-coated in micrometer-scale
hydrophilic domains evaporates in a second. Glycerol easily resolves this problem due
to its extremely low vapor pressure. However, pure glycerol is also not a good choice.
The viscosity of glycerol is very high, and pure glycerol is very sticky and is very
slow to dewet a hydrophobic surface. To improve the wetting/dewetting behavior on
the heterogeneous substrate, glycerol should be diluted.
Thirdly, after a mixture of glycerol and water is selectively deposited on
hydrophilic regions, a polymeric organic solution that is immiscible with
glycerol/water may then be dip coated on the heterogeneous substrate so that polymer
is selectively coated on hydrophobic regions only. The underlying principle of the
selective coating of polymer on hydrophobic regions has been explained in Reference
62, and can be briefly described as follows: The polymeric organic solution is coated
on the entire substrate by dip coating. During the solvent evaporation and polymer
film formation, immiscibility between the organic solution and glycerol/water keeps
the two phases completely separated at all times. Hence, eventually the polymer
solution will selectively dewet regions where there is glycerol/water, and only wet
regions where there is no glycerol/water. As the solvent completely evaporates, a
patterned solid polymer film forms. The pattern of glycerol/water is transferred to the
pattern of holes in the polymer film. However, preliminary experiments showed that
one key factor for this immiscibility-controlled dewetting technique to succeed is that
the polymer film has to be significantly thinner than the glycerol/water film. A thicker
polymer film will cover the entire substrate, not distinguishing hydrophilic from
hydrophobic regions, as schematically illustrated in Figure 19. Since dip coating is
used to deposit glycerol/water on hydrophilic regions and an inappropriately thin
glycerol/water film always results, as will be explained further in Section 6.2,
therefore, selective condensation of water vapor is conducted to increase the thickness
of the glycerol/water film on hydrophilic regions before a polymeric organic solution
is applied (Figure 18e)). In this regard, glycerol conveniently enables selective
condensation of water vapor above the dew point, the significant of which will be
discussed in details in Section 6.3. (Therefore, overall, glycerol plays two important
roles in the texturization process sequence: the first is based on its extremely low
vapor pressure, and the second is to conveniently enable selective condensation of
water vapor above the dew point.)
F Glycerol/water Film F Polymer
Glycerol/water Film Polymer
Figure 19. a) A thicker polymer film covers the entire substrate. b) A polymer film
that is significantly thinner than the glycerol/water film is successfully patterned by
the dewetting process.
Chapter 5 Experimental Details for the Texturization Process Sequence
Chapter 4 has given an overview of the texturization process sequence we have
developed to create a honeycomb surface texture on silicon wafers. This chapter will
describe the experimental details associate with the texturization process sequence.
Section 5.1 describes the experiments sequentially. Section 5.2 lists the reagents and
materials used in the experiments. Section 5.3 describes the analysis tools for the
experimental results.
5.1 Experiments
The experiments for the texturization process sequence will be described below
sequentially. The experiments were conducted mostly using polished monocrystalline
silicon wafers, as mentioned in Section 3.1. The temperature for all experiments was
room temperature 25C unless otherwise specified.
5.1.1 Surface wettability patterning by microfluidic lithography
5.1.1.1 Preparation of a PDMS soft mold and silicon samples
For surface patterning by microfluidic lithography, a PDMS soft mold was
fabricated in advance by engineers at 1366 Technologies and sent to our lab at MIT.
Figure 20a) shows the top view of the PDMS mold used in our experiments in the
dark-field mode of an optical microscope, and Figure 20b) schematizes its cross
section. The mold contained a hexagonal array of micrometer scale pyramidal features
on its surface. The base of the pyramids was10pm x 10pm and its height 6.9pm . The
method for fabricating PDMS molds has been well described in the literature [57-60].
A portion of the PDMS mold whose area was one inch by one inch was cut for use.
With the PDMS mold ready, a polished (100) monocrystalline silicon wafer and
a multicrystalline silicon wafer that had been damage etched were cut by a die saw or
a laser cutter into pieces that were one inch by one inch. The one-squared-inch silicon
samples were oxidized in dry oxygen at 1 atm and 1100'C for 3 minutes to grow a
thin oxide layer that was about 100A, as measured by an ellipsometer, for surface
wettability patterning.
b)
Figure 20. a) 50OX optical microscope picture of the top view of the PDMS mold
used in our experiments in the dark-field mode. b) Schematic diagram of the cross
section of the PDMS mold.
5.1.1.2 Microfluidic lithography
Then, the PDMS mold was placed on the bottom of a solution of 100:6 HF
(mixed from 100 parts H20 and 6 part 49% HF by volume). With the pyramidal
features facing upwards (Figure 18a)). An oxidized silicon sample was brought into
conformal contact with the mold by applying an average pressure of 10 psi (pounds
per squared inch) using a homemade mechanical apparatus (not shown in Figure 18).
To enhance pressure uniformity, a 1/16" soft polyethylene foam was placed above the
silicon sample so that there was one soft material layer on both sides of the sample.
Diluted HF was trapped between the mold and the sample (Figures 18b)), and oxide
was selectively dissolved (Figure 18c)). After allowing enough time (3 minutes in our
experiments) for oxide dissolution, the mold and the sample were separated and the
sample was rinsed in DI water to stop oxide dissolution.
The PDMS mold was often found to contaminate the oxide surface and change
its hydrophilicity in our experiments. Thus, after oxide dissolution, the patterned
sample was cleaned in a solution of 1:1:5 NH40H:H 20 2:H20 at 70'C for two minutes.
This treatment oxidized exposed silicon chemically, but a quick dip (one ore two
seconds) in a solution of 1% HF in water removed the chemical oxide so that the
regions where thermal oxide was dissolved during microfluidic lithography became
hydrophobic, whereas the regions that still had thermal oxide on top remained
hydrophilic. The sample was now a hydrophobic surface with a hexagonal array of
square hydrophilic oxide domains, corresponding to the pyramidal features in the
PDMS mold. The sample was rinsed in DI water and dried with nitrogen gas, ready
for further processing.
Because the surface of multicrystalline samples was rough, a planar etch of
multicrystalline samples in a solution of 15:5:2 HNO3:CH3COOH:HF for 10 minutes
was conducted before thermal oxidation and microfluidic lithography in order to
improve the contact between the PDMS mold and the surface of multicrystalline
samples during microfluidic lithography.
5.1.2 Selective wetting/dewetting and selective condensation
5.1.2.1 Preparation of a photomask and silicon samples
The homemade mechanical apparatus for applying the stamping pressure was not
of high precision to establish a uniform pressure, and due to this problem the
wettability pattern was not created on the entire surface of the one-squared-inch
sample. Therefore, for experiments on selective wetting/dewetting and thereafter,
photolithography using the Microposit S1805 positive photoresist was conducted to
pattern the 100A thermal oxide layer. (If time and funding is available, however, it
should not be a problem to develop an automatic stamping system that can generate a
uniform pressure, for example, by using a diaphragm [117].) The photomask used for
photolithography was designed by engineers at 1366 Technologies and sent to our lab
at MIT. The photomask had a hexagonal array of circular metal regions on the
transparent glass background, as shown in Figure 21. The minimum distance between
circular regions was 20 pm and their diameter was 5 pm . The pattern of the
photomask would result in an array of circular oxide domains on the hydrophobic
silicon surface after oxide patterning by photolithography. (The pattern of the
photomask may be designed as an array of square regions, similar to the case of the
PDMS mold shown in Figure 20a).)
Figure 21. The photomask used to define hydrophilic oxide domains by
photolithography. It has a hexagonal array of circular metal regions on the transparent
background.
After the oxide on the silicon sample was patterned by photolithography and wet
etching in HF, the photoresist residue on the sample was stripped in NMP. Then, the
sample was cleaned in a solution of 1:1:5 NH40H:H20 2:H20 at 70*C for two minutes,
followed by a quick dip (one ore two seconds) in a solution of 100:1 H20:HF to
remove the chemical oxide. The sample was rinsed in DI water and dried with
nitrogen gas. The sample was now a hydrophobic surface with a hexagonal array of
circular hydrophilic oxide domains of 5 pm in diameter.
5.1.2.2 Selective wetting/dewetting of a mixture of glycerol and water by dip coating
The silicon sample with the patterned oxide was then dipped in a mixture of
glycerol and water (1:1 by volume) and withdrawn vertically at a constant rate in the
range of 0.5-2 cm/sec manually or using a homemade withdrawing mechanical
apparatus. (Preliminary experiments showed that the 1:1 glycerol/water mixture
exhibited contact angles on silicon and silicon dioxide very close to those of pure
water on the same surfaces.) A glycerol/water film was deposited on hydrophilic
oxide domains, whereas the hydrophobic silicon background remained uncoated.
5.1.2.3 Selective condensation of water vapor
Because the dip-coating process always resulted in a very thin glycerol/water
film, as mentioned in Chapter 4, selective condensation of water vapor was conducted
to increase the thickness of the glycerol/water film. For this step, the sample was
placed on a U-configuration cold plate manufactured by Lytron, as shown in Figure
22, and fixed in position by a flexible metal strip or a metal tape. The cold plate was
placed under and monitored by an optical microscope, and was connected to a
NESLAB RTE-7 refrigerated circulating bath manufactured by Thermo Scientific.
The temperature of the cold plate was cooled down by the refrigerated
circulating bath to approach the dew point of the particular day when the experiment
was conducted. (For example, for a typical day when the temperature of the
laboratory was 25'C and the relative humidity was 35%, the dew point was 8.49'C;
thus, the cold plate was cooled down from room temperature to approach 8.49 C.6) As
the temperature was being reduced, water vapor condensed and the thickness of the
glycerol/water film increased gradually. The temperature was lowered to a point
where the diameter of the glycerol/water droplets slightly increased, indicating that
the thickness of the glycerol/water droplets just reached approximately half the
diameter of the oxide domains (or 2.5 pm ). (The contact angle of a mixture of
glycerol and water on clean silicon is approximately 90'; thus, a glycerol/water
droplet forms a hemisphere on clean silicon and its thickness is half its diameter.) This
temperature point was above the dew point, although already very close to it. The cold
plate was maintained precisely at this temperature, ready for selective coating of a
polymeric etch resist.
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A glove box or a chamber where temperature and humidity can be conveniently controlled may be
used to maintain a constant dew point, but we do not have such equipment in the lab.
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5.1.2.4 Selective wetting/dewetting of a polymeric organic solution and subsequent
selective coating of the polymer
A polymeric organic solution was prepared in advance and stored in the liquid
container of the refrigerated bath so that the cold plate and the organic solution were
approximately maintained at the same temperature. The sample together with the cold
plate, still maintained close to the dew point as described above, was removed form
the sample stage of the microscope and immersed in the polymeric organic solution.
Then, the sample and the cold plate were withdrawn vertically from the solution at a
constant rate of 10 cm/sec manually or by a homemade withdrawing apparatus. A
thick liquid film was picked up on the entire surface of the sample, and as the organic
solvent evaporated, the polymeric solute was selectively coated on the regions not
covered by glycerol/water droplets, i.e. the hydrophobic silicon background.
Different polymeric solute/solvent systems and different compositions were
studied for selective deposition of the polymeric solute. The best system found so far
will be reported in Section 6.4: a solution of 2% Stickwax 77 in xylene. (Stickwax 777
is an amber colored wax with excellent adhesion and good strength characteristics. Its
softening point is 162.0'F and melting point 173.2'F.)
5.1.3 Wet etching of silicon
The polymeric solute selectively deposited on the regions not covered by
glycerol/water droplets then served as an etch resist. A solution of 6:1 HNO 3:HF was
used to etch the sample for two minutes at room temperature. (The etch rate was
5 pm /min.) The etch result will be reported in Section 6.4.
7 http://www.kosterkeunen.com/products/products.asp?ProductsID=17&CategorylD=19
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5.2 Reagents and materials
The reagents and materials used in our experiments are summarized below:
Polished monocrystalline silicon wafers were obtained from WaferNet Inc. (San Jose,
PA), multicrystalline silicon wafers from Motech Industries Inc. (Tainan, Taiwan),
Microposit S1805 photoresist from MicroChem Corporation (Newton, MA),
hydrofluoric acid (49%), nitric acid (69.0-70.0%), acetic acid (glacial), ammonia
hydroxide (29%), hydrogen peroxide (30%), NMP and xylene from Mallinckrodt
Baker, Inc. (Phillipsburg, NJ), glycerol and chloroform from Alfa Aesar (Ward Hill,
MA), 1/16" soft antistatic polyethylene foam (firmness 9 psi at 25% deflection) from
McMaster (Princeton, NJ), Stickwax 77 from Koster Keunen, Inc. (Watertown, CT),
oxygen from Airgas (Salem, NH).
5.3 Analysis tools
Microscopy (Meiji Techno's MX8000 Series microscope) was used to
characterize liquid coating, polymer film formation and silicon surface texture. Also,
the method of interference contrast microscopy in reflection (RIMC) was conducted
to image the thickness profile of a liquid film entrained on hydrophilic regions of a
heterogeneous substrate using a optical filter that allows a narrow range of
wavelengths at 540 nm to pass [118]. In this method, thickness difference between
adjacent fringes is calculated as--, where 2 is the wavelength of the monochromatic
2n
light and n the refractive index of the liquid. Since the refractive index is 1.33 for
water and 1.45 for glycerol [119],--is approximately 200nm for a liquid film
2n
containing glycerol and water only.
Ellipsometry (Gaertner Scientific Ellipsometer) was used to determine the
thickness and complex index of refraction (n & k) of thin solid films, by analyzing the
polarization of light reflected at an angle from a sample surface. The analysis area is
about 1 mm x 3 mm. The minimum measurable film thickness is a few Angstroms
with an accuracy of +/- 3 A, and the maximum measurable thickness is about 10 Im.
Spectroscopic reflectometry (Filmetrics Reflectometer) was also used to
determine the thickness and complex index of refraction (n & k) of thin films, by
comparing the spectral amplitude and periodicity of light reflected at normal
incidence from a thin film surface with light reflected from a known reference sample,
and fitting the result to a mathematical model based upon proposed values for the
parameters thickness, n and k. The analysis spot is 100 pm in diameter, the measurable
film thickness range is from about 100 nm to 25 tm, and the accuracy is +/-10 A or
0.4%, whichever is larger.
Profilometry (Tencor P-10 Surface Profilometer) was used to measure the surface
profile of solid films or silicon substrates. The Tencor P-10 Profilometer provides
high precision surface topography measurements on a wide variety of substrates using
a 2 tm radius diamond tipped stylus. 3D Mapping software is available. The
resolution of the profilometer is on the A level.
Surface roughness measurement (Mitutoyo SJ-400 surface roughness tester) was
used to evaluate the roughness of substrate surfaces. The Mitutoyo SJ-400 surface
roughness tester provides superior high-accuracy measurement with a wide-range,
high-resolution detector and a straight drive unit. The detector's measuring range is up
to 800 tim and its resolution is 0.000125 tim (at 8 tm range).
Scanning electron microscopy was used to image and analyze the surface texture
of etched silicon samples.
Chapter 6 Results and Discussions
Chapters 4 and 5 have described the texturization process sequence and the
experimental details associated with it. This chapter will present and discuss
experimental results obtained on polished monocrystalline silicon wafers for several
important steps of the process sequence: microfluidic lithography (Section 6.1),
selective wetting/dewetting of glycerol/water by dip coating (Section 6.2), selective
condensation of water vapor (Section 6.3), and selective coating of wax and wet
etching of silicon (Section 6.4). The possibility of applying the process sequence to
multicrystalline silicon wafers will be explored in Chapter 7.
6.1 Microfluidic lithography
In our texturization process sequence, after growing a thin oxide layer on the
silicon substrate, the first step is to apply microfluidic lithography to pattern the oxide
layer.
Microfluidic lithography was successfully applied to polished monocrystalline
silicon wafers for surface wettability patterning, and hydrophilic oxide patterns of a
micrometer scale resolution were obtained, as shown in Figure 23, where the
glycerol/water mixture had already been applied to selectively wet hydrophilic
domains so that the pattern became visible.
This patterning technique relies on the ability of PDMS to form a reversible and
conformal seal with the surface of the silicon wafer upon contact [76], as well as on
the ability of PDMS to serve as a wet etching mask because PDMS is resistant to
repetitive immersion in diluted HF under 20% [97]. This technique also takes
advantage of silicon and silicon dioxide as convenient hydrophobic and hydrophilic
materials (Section 3.2.1).
We chose to develop this technique for surface patterning due to the reliability
issue associated with microcontact printing of OTS on oxidized silicon (Section
3.2.1.1). Moreover, the non-contact techniques discussed in Section 3.2.1.3 are not
mature, so they have not been considered in our research. Arguably, the technique we
developed is simple, low-cost and high-throughput. Here, we will further discuss
some other critical aspects of this technique: novelty, reliability, HF concentration,
required pressure and etch time.
b)
Figure 23. a) 10OX and b) 500X microscope pictures of the oxide domains patterned
by microfluidic lithography. The hydrophilic oxide domains were covered by
glycerol/water and thus visible under an optical microscope.
6.1.1 Novelty
Although the surface patterning technique we developed is based on
microfluidics that is widely studied in micro- or nano-biology, it is rarely used in
other fields. Furthermore, although similar techniques have been used to selectively
etch glass as mentioned in Section 3.2.1.2, however, to our best knowledge, our result
in Figure 23 is the first demonstration to apply microfluidic lithography to generate a
surface wettability pattern. More importantly, it is the first demonstration to generate a
pattern without flow or replenishment of the etching solution. Two reasons make this
possible in our application: First, the oxide layer to be patterned is thin and a minute
amount of HF trapped in the PDMS mold is enough for etching to complete; secondly,
no gas is being generated during oxide dissolution. Besides a thin oxide layer, this
technique may also be useful to pattern other thin film materials using suitable etching
solutions. This simple but novel approach may be considered as one of the major
technical achievements in our research.
6.1.2 Reliability
As discussed above, our surface patterning technique relies on the ability of the
PDMS mold to form a conformal seal with the surface of the silicon wafer upon
contact. Two factors contribute to the conformal seal: the low Young's modulus of
PDMS and the van der Waals forces between PDMS and silicon [76].
The reliability of our technique should depend solely on whether the conformal
contact between the PDMS mold and the target substrate can be established across the
entire wafer. Our technique should be a highly reliable process for polished wafers as
long as an automatic stamping system is available to generate a uniform pressure, for
example, by using a bladder [117]. (As mentioned in Section 5.1.2.1, because our
current apparatus for applying the stamping pressure was not of high precision to
establish a uniform pressure, the pattern shown in Figure 23 was not created
consistently on the entire sample surface and thus photolithography was conducted to
pattern the 100A thermal oxide layer for experiments on selective wetting/dewetting
and thereafter.) Although some defects were present in Figure 23, these defects were
probably originated from dusts or alike deposited on the PDMS mold or the silicon
substrate, since the experiments were not conducted in a clean room environment.
It is expected that our surface patterning technique can accommodate some
degree of surface roughness because of the low Young's modulus of PDMS. We will
discuss how reliably our technique can be applied to multicrystalline wafers in
Chapter 7.
6.1.3 HF concentration
In the experiments on microfluidic lithography, a solution of 100:6 HF (100 parts
H2 0 and 6 part 49% HF by volume) was used. Here, we wish to rationalize the HF
concentration used in the experiments.
For the HF concentration, it cannot be too high and cause too much oxide
dissolution in the initial sample immersion step, in which the oxidized silicon sample
is being brought into the HF solution and then into contact with the PDMS mold,
since the oxide layer used is only 100A. Also, it cannot be too low because of a
limited dose. The concentration has to be a right level that is high enough to etch
through oxide and also low enough to etch slowly in the initial sample immersion
step.
The etch rates of thermal oxide in various dilutions of HF are given in Table I
[120]. Since the etch rate is linear with concentration for dilutions in the 100:1 to
100:10 range [120], the etch rate for 100:6 HF can be calculated as 14.4 nm/min or
2.4 A/sec, which was confirmed experimentally. If 10 seconds is assumed for the
initial sample immersion step, only 24A is removed during this step. This initial oxide
dissolution constitutes of only 24% of the original oxide thickness, and should be
considered as acceptable.
Table I. Etch rates of thermal oxide in various dilutions of HF at 20*C (nm/min)
Etchant Thermal Oxide Etch Rate (nm/min)
Conc. HF (49%) 2300
10:1 HF 23
25:1 HF 9.7
100:1 HF 2.3
Furthermore, to confirm that the 100:6 HF is high enough to etch through the
100A oxide, consider the overall chemical reaction for oxide etching [121]:
6HF + SiO2 -+ H 2SiF + 2H 20 (6.1)
According to Equation (6.1), for the etching of every mole of SiO 2, there is a loss of 6
moles of HF. The molecular weight of SiO2 and HF (MWoX and MWHF) is 60 and 20
g/mole, respectively. The density of thermal oxide p,, is 2.2 g/cm3 and that of
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concentrated HF (49%) is 1.15 g/cm3 . The density of diluted HF is assumed to be that
of pure water 1.0 g/cm3. (This assumption should result in insignificant errors.) The
volume of the HF solution trapped in the PDMS mold during microfluidic lithography
depends on the height of the features in the mold and the pressure applied to the mold.
However, we may conveniently define an equivalent depth of the HF liquid phase L as
the total volume of the HF solution trapped in the mold divided by the total area of
oxide exposed to HF. (The dimension of L is volume/area = length.) Since the height
of the features in the mold for our experiments is 6.9 pm, the equivalent depth may be
in the range of 2-4 pm, depending on the applied pressure. Thus, with the relevant
physical constants and the amount of HF trapped in the mold available, the maximum
thickness of oxide that can be etched by the solution of 100:6 HF trapped in the mold
can be calculated to be in the range of 143-287A. This result shows why 100:6 HF
was able to etch through the 100A oxide and was an appropriate etching solution for
our experiments.
We work out the same calculations for the oxide etch rate and the maximum
oxide thickness that can be etched for different dilutions of HF and different
equivalent depths of the HF liquid phase, as tabulated in Table II. The table shows that
besides 100:6 HF, 100:5 HF, 100:7 HF, and 100:8 HF may also have been chosen for
our experiments. Concentration lower than these may not be able to etch through the
oxide, and concentrations higher than these may have too high an etch rate and
remove too much oxide during the sample immersion step.
Table 1I. Oxide etch rate and maximum oxide thickness etched
Etchant HF Oxide Maximum Oxide
Concentration8 Etch Rate Thickness etched (A)
(mole/cm3) (A/sec) L = 2 pm L = 3 pm L = 4 pm
100:2 HF 5.51E-04 0.83 50 75 100
100:3 HF 8.17E-04 1.23 74 111 149
100:4 HF 1.08E-03 1.62 97 147 196
100:5 HF 1.33E-03 2.02 121 182 242
100:6 HF 1.58E-03 2.40 143 216 287
100:7 HF 1.83E-03 2.77 165 249 331
100:8 HF 2.06E-03 3.13 187 281 375
The HF concentration is calculated under the assumption of the density of diluted HF equal to 1.0
g/cm'.
6.1.4 Required pressure
Our experiments on microfluidic lithography were conducted in a way that the
one-squared-inch silicon sample and the PDMS mold were parallel to each other and
were then brought into conformal contact using a large pressure (Section 5.1.1.2).
This stamping process should not be a problem for small-area samples and molds. If
the process is scaled up for large-area wafers and molds, however, an inadequately
large pressure may be needed since a large amount of fluid must be squeezed out of
the space between the wafer and the mold. To make that process easier, one possible
way is to roll the soft PDMS mold onto the silicon wafer. In this section, we would
like to rationalize such a rolling step by estimating the pressure required if the process
is scaled up for and applied to large-area wafers.
Consider a large-area wafer that is placed on the bottom of a diluted HF solution
and a PDMS mold that is quickly brought down as a cylinder onto one side of the
wafer until the PDMS mold is 5 pm above the surface of the wafer. At this distance,
the (pyramidal) features on the mold begin to compress the wafer. Assume the mold is
then rolled over onto the wafer with a radius r - 1 cm at a constant surface speed v, as
schematically illustrated in Figure 24. The speed v has to be sufficiently high so that
only a small portion of the thin oxide film on the wafer is removed during the rolling
step. Assuming that 10 seconds is allowed for the rolling step (Section 6.1.3), v has to
be at least 1 cm/s, since the length of the wafer in the x direction is on the order of 10
cm. Upon rolling, the liquid is expelled from the nip between the mold and the wafer,
and the gradient in the hydrodynamic pressure P can be modeled as [122]:
dP _ 6 pv (6.2)
dx h(x)2
r- 1 cm
y
L PDMSv ~ 1 cm/s
Silicon wafer
0
Figure 24. Schematic illustration of rolling the PDMS mold onto the silicon wafer.
where p is the viscosity of the liquid, and h(x) the gap height between the mold and
the wafer. Furthermore, if the angle 0 between the mold and the wafer is small,
12 1
coso 1-- -2, andh - r -rcos~ -- r02. In addition, since x ~ rO for small0 's,
2 2
2
xh - , and the pressure gradient dP/dx in Equation (6.2) can be written as:
2r
dP 24,uvr 2  (6.3)
dx x4
Since at the leftmost end of the channel, the PDMS mold is 5 tm above the
surface of the wafer and so is the gap height h. This gap height approximately
corresponds to
x 2rh = 2(10 2m)(5 x 10~6 m) =316 gm
Therefore, the pressure drop between the leftmost end of the channel and the ambient
can be estimated as:
AP = -24 pvr 2  X4dx = pvr (6.4)
0.000 3 16m
With p ~ 0.00089Pa.s, v ~ 0.01m/s, r ~ 0.01m, and x ~ 0.000316m,
AP 8 p - 225 Pa
This pressure drop is much less than the ambient pressure (- 1 atm), and the
pressure required to apply on the PDMS mold during the rolling step is on the same
order of magnitude. This magnitude of pressure is reasonable for industrial practice.
6.1.5 Etch time
We also wish to rationalize the etch time used in the experiments. In order to do
so, we need a quantitative model to describe the etching process. The following
assumptions are made first before the model is presented:
a) The density of the diluted HF solution is equal to that of water, i.e., 1.0 g/cm 3
(Section 6.1.3).
b) The equivalent depth of the HF liquid phase is L (Section 6.1.3).
c) The HF cloncentration at any location in the liquid that is trapped in the PDMS
mold is homogeneous, and is equal to C. This should be very close to the reality
since the 1iquid volume trapped is small. In our experiments, 100:6 HF was the
solution used for etching. The initial HF concentration of this solution C, is
0.00158 mole/cm 3, as calculated in Table II. (This constant-concentration
assumption will be shown to greatly simplify the description of the etching
process. Etching models presented in the literature usually deals with interaction
of oxide with a large bulk solution phase where there exists a concentration
gradient of etching chemicals, as in References 121 and 123. Such etching models
are more complex.)
d) The heat generation at the etching front is negligible.
e) The net volume change is negligible.
For etch rate of oxide in HF, we have:
etch rate of oxide in cm/sec
1 MW
= -(number of moles of HF consumed per unit area of oxide per second)( OX)
6 P
1 dC MW
=-(-L ) ox (6.5)
6 dt p
In addition, as discussed above, oxide etch rate is linear with HF concentration for
dilutions in the 10:1 to 100:1 range. Thus, for the 10:1 to 100:1 range, etch rate of
oxide is equal to KC, where K can be evaluated from Table I or Table II. Therefore,
1 dC MW dC 6K pox )C (6.6)
-(-L ) "OXKC or -- =( " C(66
6 dt po, dt L MW
The solution to Equation (6.6) is obviously:
C = CO exp( 6K pox t (6.7)
L MWOX
where CO is the initial HF concentration. Equation (6.7) indicates that the HF
concentration decreases exponentially with time. From Equations (6.5) and (6.7), the
thickness of oxide etched at time t can be calculated as:
(-L dCMW"t
6  dt pox
L MW
L ,C 
-C)
6 pox
LMW 6K poL MW [Co - Coexp(- " t)] (6.8)
6 pox L MW
Here, we will not try to verify this model since we do not have enough
experimental data. We intend only to rationalize the etch time used in our experiments
based on this model. In our experiments, Co = 0.00158 mole/cm 3, and the time
required to etch 100A can be calculated assuming different equivalent depths of the
liquid phase according to Equation (6.8). The calculated results are listed in Table III.
The etch time for our experiments was 3 minutes, which should be long enough
according to Table III.
Table lII. Time required to etch 100A atC0 = 0.00158 mole/cm3
Equivalent Depth of the HF Liquid Phase L Time required to etch 100A
(Pm) (second)
2 71.34
3 56.06
4 51.27
6.1.6 Summary
Our technique developed based on microfluidic lithography is a novel, low-cost
and high-throughput process for surface wettability patterning. Although
photolithography is required to make the initial master for PDMS replica molding, the
oxide patterning process is simplified with a PDMS mask, instead of a photoresist
mask, which is durable for repetitive etching. This technique applies reliably on
polished monocrystalline silicon wafers. However, we have not discussed how well
this technique applies to unpolished multicrystalline silicon wafers. This will be
discussed in Chapter 7.
6.2 Selective wetting/dewetting of glycerol/water by dip coating
This section discusses selective deposition of a glycerol/water mixture on
hydrophilic regions by dip coating. As mentioned in Section 5.1.2, for the experiments
on selective wetting/dewetting of glycerol/water and thereafter, the 100A thermal
oxide layer was patterned by photolithography using the photomask in Figure 21,
which would result in an array of circular hydrophilic oxide domains of 5 pm in
diameter on the hydrophobic background. Thus, all experimental results from now on
will show the pattern in Figure 21, no longer that in Figure 23.
Table IV summarizes important properties of pure water and pure glycerol [124].
It is clear that their density and surface tension only differ slightly, but their difference
in viscosity is of several orders of magnitude. Therefore, it can be expected that the
density and surface tension of a glycerol/water mixture of any composition do not
differ significantly, but the viscosity can vary dramatically.
Table IV. Physical properties of water and glycerol [124]
System Viscosity p Density p Surface Tension -
(cP) (g/cm 3) (dyn/cm)
Water 0.8949 (25-C) 0.9980 (25-C) 71.97 (25-C)
Glycerol9 1499 (200C) 1.2620 (25'C in air) 63.4 (200C)
In our experiments on selective wetting/dewetting of glycerol/water on
hydrophilic oxide domains, the composition of one part of glycerol and one part of
water by volume was arbitrarily chosen. For the 1:1 mixture, estimates of its density
and surface tension can be obtained from Table IV, but its viscosity has to be
measured experimentally. Reference 125 gives an experimentally measured value of
6.01 cP for the viscosity of the 1:1 mixture. In addition, preliminary experiments
showed that the 1:1 mixture exhibited contact angles on silicon and silicon dioxide
very close to those of pure water on the same surfaces, as already mentioned in
Section 5.1.2.2.
As discussed in Chapter 4, it is important to obtain a thick glycerol/water film on
hydrophilic oxide domains. Therefore, it may seem important to carefully choose a
composition for the glycerol/water mixture to maximize the thickness of the
" Owing to the hygroscopicity of glycerol, its viscosity, density and surface tension may vary with the
laboratory environment [111].
glycerol/water film deposited by dip coating, rather than to arbitrarily choose the 1:1
mixture. However, Section 6.2.1 will explain why an arbitrary choice is actually
satisfactory.
6.2.1 Theoretical consideration of the thickness of the glycerol/water film deposited
by dip coating
Section 3.2.2.2 has given the following relation for dip coating on a
heterogeneous substrate:
h - WCa1 2  (3.5)
where Ca = pU /a. Equation (3.5) states that the thickness of the liquid film entrained
on hydrophilic domains of half-width W depends on the withdrawal speed U ,
viscosity p and surface tension c. However, as also discussed in Section 3.2.2.2,
when the withdrawal speed is larger than the maximum drain speed, the maximum
drain speed should be used for calculating the film thickness by Equation (3.5). In
addition, the maximum drain speed Udi,, on a heterogeneous substrate should follow a
relation similar to Equation (3.4) and the following expression is expected:
Udrain oc (6.9)plog(O() /L,)
An evaluation of the thickness of the liquid film deposited on hydrophilic domains by
dip coating when the withdrawal speed is sufficiently large (larger than the maximum
drain speed) can then be made by inserting Equation (6.9) into Equation (3.5) [106],
and the following expression results:
hocW[- 02 u2=W[ o02 - 11 2  (6.10)
a p log(80) / L, ) o log(60 / L, )
Equation (6.10) states that, if the withdrawal speed is made sufficiently large, the
thickness of the liquid film entrained on hydrophilic domains depends on the
following terms: p , or, 00 and log(90 IL,).() As discussed above, the liquid
") From Equation (6.7), when the withdrawal speed is larger than the maximum drain speed, the liquid
film thickness will no longer depend on the liquid viscosity. However, research has shown that
experimental results differ from Equation (6.7) in that viscosity does affect the liquid film thickness
[106]. This results from the fact that Equation (3.4) does not strictly apply to a heterogeneous substrate.
However, the influence of viscosity is relatively minor, somehow keeping with the theoretical
prediction.
density p and the surface tension u do not vary significantly with the composition of
the glycerol/water mixture (Table IV). Also, preliminary experiments showed that the
contact angle 00 also does not vary significantly with the composition of the mixture,
which is understandable given that the surface energy o does not vary significantly.
Finally, the log term certainly does not vary significantly. Hence, all parameters on the
right hand side of Equation (6.10) do not vary significantly, which lead to the
theoretical conclusion that if the withdrawal speed is made sufficiently large, the
thickness of the liquid film entrained on hydrophilic domains does not vary
significantly with the composition of the glycerol/water mixture. This theoretical
conclusion was the foundation for us to arbitrarily choose a mixture of 1:1
glycerol:water for the experiments on selective wetting/dewetting of glycerol/water
by dip coating.
Furthermore, another reason we did not try to optimize the composition of the
glycerol/water mixture and maximize the liquid film thickness was that the liquid film
thickness obtained by dip coating on hydrophilic oxide domains (which are 5 pm in
diameter in our experiments) was always inappropriately thin. Using interference
contrast microscopy in reflection (RICM), we found that the liquid film thickness was
always no more than a couple hundred nanometers. This should be a reasonable result,
in comparison with what have been found by Hartmann and coworkers [106]. They
tried to vary viscosity, surface tension and withdrawal spend to maximize the liquid
film thickness, and found that the liquid film thickness obtained on circular
hydrophilic domains of 500 pm in diameter when the withdrawal speed is sufficiently
large was only in the range of 34-61 pm , approximately 0.1 times the diameter of the
domains. With the thickness of the glycerol/water film no more than a couple hundred
nanometers, it would be difficult to pattern a etch resist that is thick enough for our
purpose by the immiscibility-controlled dewetting technique, as will be discussed in
Section 6.4.1. Thus, instead of optimizing the parameters involved in dip coating to
maximize the liquid film thickness, selective condensation is conducted to easily
increase the liquid film thickness. This is the topic of Section 6.3.
6.3 Selective condensation of water vapor
After selectively depositing a glycerol/water film on hydrophilic regions by dip
coating, selective condensation of water vapor is conducted to increase the thickness
of the glycerol/water film.
The details of the selective condensation technique have been described in
Section 5.1.2.3. Briefly, the temperature of the substrate (on the Lytron cold plate)
was reduced from room temperature to a point where the diameter of the
glycerol/water droplets slightly increased, indicating the thickness of the droplets
reached approximately half the diameter of the oxide domains, or 2.5 pm ." At this
temperature, the substrate was ready for dip coating of a polymeric organic solution
(Section 5.1.2). On the particular day the experiments were conducted, this
temperature was approximately 9C. Also, the dew point was approximately 8.2'C,
which was determined by the experiments that will be described in Section 6.3.2.
Figure 25 reports several successive states of condensation as the temperature of
the substrate was reduced from room temperature to 9,C.12 (A 540nm optical filter
was used for microscopic observation (Section 5.3) and thus all pictures in Figure 25
look green.' 3 ) Obviously, the glycerol/water droplets were initially very thin at 25C
since only one dark interference fringe was observed at the circumference of the
droplets (Figure 25a)). At 15C, the droplets grew thicker and two dark interference
fringes were observed (Figure 25b)). Further temperature reduction led to further
droplet thickness increase (Figure 25c)-d)). At 9'C, as mentioned above, the diameter
of the glycerol/water droplets slightly increased (Figure 25e)). This temperature was
above the dew point -8.2 0C.
I At this temperature point, the glycerol/water droplets should have somewhat spread onto
hydrophobic regions. Arguably, if the polymeric resist film to be patterned by the immiscibility-based
dewetting technique has a high chemical resistance, the resist film could be thinner, so could the
glycerol/water droplets. The temperature of the substrate could be maintained at a higher temperature,
and glycerol/water would not spread onto hydrophobic regions. However, here we ignore this
complication and simply assume that the thickness of the glycerol/water droplets should be
approximately 2.5 micrometers, accepting the fact that glycerol/water may slightly spread onto
hydrophobic regions.
12 For each state of condensation reported in Figure 24, the microscopic picture was taken after the
glycerol/water droplets stopped growing, indicating that the equilibrium between the water vapor in the
atmosphere and the glycerol/water phase had (almost) been established. The equilibrium was found to
establish quickly in a few seconds or minutes at temperatures above the dew point -8.2'C.
1 The thickness of the glycerol/water droplets could then be determined by the method of RIMC.
However, due to the magnification limitation of the microscope, it was rather difficult in most cases to
determine precisely the number of interference fringes. Usually only a very rough estimate could be
obtained.
a) 25'C
b) 150C
Figure 25. a) 500X microscope picture of the condensation state of the
glycerol/water droplets at 25*C; the droplets were very thin at this temperature since
only one dark interference fringe was observed at the circumference of the droplets. b)
At 15'C, the droplets grew thicker and two dark interference fringes were observed. c)
At 120C, the droplets continued to grow and more interference fringes were observed.
d) At 10'C, the droplets continued to grow further. e) At 9'C, the droplets grew to the
point where the diameter of the droplets slightly increased. Subsequent dip coating of
a polymer solution was applied at this temperature.
c) 120 C
d) 100C
e) 9'C
Although dip coating of a polymer solution should be applied at 9'C (Figure
25e)), however, in order to illustrate what happened below 9'C, the temperature of the
substrate was further reduced to 7.7'C, as reported in Figure 26. The diameter of the
glycerol/water droplets continued to increase as the temperature was further reduced
(Figure 26a)-d)). As mentioned above, the glycerol/water droplets were found to stop
growing quickly at temperatures above the dew point. Interestingly, however, at 7.7'C
below the dew point, the droplets still grew even at 35 minutes after the temperature
was set to 7.7'C (Figure 26e)-g)). We will try to explain this theoretically in Section
6.3.1.
Figures 25 and 26 also show that unknown small particles or droplets gradually
appeared over time on hydrophobic regions. Most of them were probably solid dusts
precipitated from the air because the experiments were not conducted in a clean room
environment. Still some of them might be condensed liquid water, especially at
temperatures below the dew point (Figure 26e)-g)), since silicon was slowly oxidized
in air, changing the surface property from hydrophobic to hydrophilic. These particles
or droplets should be greatly eliminated if the process is run in a short period of time
and in a clean environment.
a) 8.7*C
b) 8.50C
Figure 26. a) 500X microscope picture of the condensation state of the
glycerol/water droplets at 8.7 0C. The diameter of the droplets continued to increase as
the temperature decreased. b) The condensation state at 8.5*C. c) The condensation
state at 8.2 0C, which was approximately the dew point. d) The condensation state at
8.0 0C. e) The condensation state at 3 minutes after the temperature of the substrate
was set to 7.7 0C. This temperature was below the dew point, and the droplets grew for
a long time at this temperature. f) The condensation state at 20 minutes after the
temperature of the substrate was set to 7.7 0C. g) The condensation state at 35 minutes
after the temperature was set to 7.7 0C.
c) 8.20C
d) 8.00C
e) 7.7*C, 3 minutes
f) 7.7'C, 20 minutes
g) 7.7'C, 35 minutes
We have demonstrated a selective condensation technique to grow the
glycerol/water droplets on hydrophilic oxide domains. The technique applies above
the dew point, which is an important advantage as will be discussed below. The
technique we developed is simple, low-cost, high-throughput and reliable. Here, we
will further explain the theoretical foundation for the technique and discuss its
novelty.
6.3.1 Theoretical foundation for selective condensation
Our selective condensation technique for the growth of the thickness of the
glycerol/water film is based on Raoult's law, assuming that the glycerol/water mixture
is an ideal solution. Raoult's law states that at a constant temperature T,
p = Xp" (6.11)
where X is the mole fraction of water in the solution containing water and some other
component, p the equilibrium vapor pressure of water over the solution, and p0 the
equilibrium vapor pressure of water over pure water [126]. For selective condensation
in our texturization process sequence, X is the mole fraction of water in the
glycerol/water film deposited on hydrophilic regions. p is the water vapor pressure in
the atmosphere and is at a constant level determined by the relative humidity. T is the
temperature of the silicon substrate (as well as that of the glycerol/water film on the
substrate) and is independently controlled by the chiller. When the temperature of the
substrate is reduced, the equilibrium vapor pressure of water over pure
water p' decreases, according to the Magnus formula [127]:
p" = C, exp( A1 T (6.12)
Bi +T
where T is the temperature in degree Celsius and the values for the coefficients are
recommended to be A,= 17.625, B1 = 243.04'C, and C1= 610.94Pa by Alduchov and
Eskridge based on contemporary vapor pressure measurements [128]. 1 If the
temperature of the substrate is reduced to such a level that p0 is close to the water
vapor pressure in the atmosphere p , X will be close to one. Assuming that the number
of moles of glycerol in the glycerol/water film is constant because of its extremely
low vapor pressure at 25'C and below, this implies that water will condense from the
atmosphere into the glycerol/water film such that the number of moles of water and its
mole fraction in the film increases. Thus, the volume and thickness of the film will
increase accordingly. This explains the experimental results in Figures 25 and 26. In
the extreme case where p" is exactly p or lower, i.e. when the temperature is reduced
to the dew-point or below, X is equal to 1, meaning that water vapor will condense
and the thickness of the film will increase indefinitely. This explains the experimental
result at 7.7'C (Figure 26e)-g)).
Therefore, Raoult's law, in combination with prior selective wetting/dewetting of
glycerol/water, allows the thickness of the glycerol/water film to grow at a
temperature higher than the dew point. This is the theoretical foundation for our
selective condensation technique.
Equation (6.11) is valid under the assumption that the glycerol/water mixture is
an ideal solution. In reality, the glycerol/water system behaves very close to an ideal
solution, but not entirely ideal [129]. Therefore, the more correct form of the relation
between p and p" is p = ap", where a is the activity of water in the glycerol/water
mixture [126]. However, at X close to 1, the ideal solution assumption should apply
well.
6.3.2 Novelty
In our texturization process sequence, after selectively depositing a
glycerol/water film on hydrophilic domains by dip coating, selective condensation
" These coefficients provide values for the saturated vapor pressure with a relative error of < 0.4%
over the range -40'C < T < 50*C.
based on Raoult's law is conducted to increase the thickness of the glycerol/water film.
Then, a polymer organic solution is applied and a polymer film is patterned due to
selectively dewetting based on immiscibility. The pattern of holes in the polymer film
is determined by the pattern of the glycerol/water droplets. This texturization process
sequence is similar in several ways to the work conducted by Braun and Meyer [62].
In their work, a heterogeneous substrate was partly covered by water droplets by
selective nucleation and condensation of water vapor on hydrophilic regions below
the dew point (Section 3.2.3). A solution of polystyrene in chloroform was then
applied and a polystyrene film was patterned due to the same selectively dewetting
principle. Thus, selective condensation followed by the immiscibility-controlled
dewetting technique is common to both our process sequence and Braun and Meyer's
work.
However, selective condensation in our process sequence is based on a principle
different than used in Braun and Meyer's work. The principle for selective
condensation demonstrated by Braun and Meyer is the dependence of the free energy
barrier for nucleation on surface wettability. In their work, water was selectively
condensed on hydrophilic regions below the dew point directly without prior selective
wetting/wetting of a glycerol/water mixture; wettability by itself directs nucleation
and condensation of water vapor. In our process sequence, the principle for our
selective condensation technique is Raoult's law, which allows us to increase the
thickness of the glycerol/water film that has been dip-coated on hydrophilic domains
above the dew point (Equation (6.11)), rather than below the dew point as required in
Braun and Meyer's work. By doing so, the free energy barrier for nucleation and
condensation is now completely irrelevant. This significantly widens the process
window in temperature, which is an important advantage of our selective
condensation technique, compared to Braun and Meyer's.
Furthermore, another advantage of our selective condensation technique is
directly associated with the instability of our materials system, where the hydrophilic
and hydrophobic materials are silicon dioxide and silicon respectively. Preliminary
experiments presented in Figure 27 illustrate this instability: Figure 27a) shows that
water vapor began to condense on hydrophilic oxide domains at 8.2'C, without prior
deposition of a glycerol/water film. Thus, the dew point was close to 8.2'C. (These
preliminary experiments were conducted in the same experimental settings as the
experiments on selective condensation based on Raoult's law (Figures 25 and 26).
The dew point should be the same in both experiments.) As the temperature was
reduced further from the dew point to 7.2'C, the liquid water phase on oxide domains
grew gradually (Figure 27b)-d)). However, before the water phase grew thick enough,
small liquid water islands were observed on the hydrophobic regions (Figure 27c)-d)).
The problem should be originated from the fact that silicon was oxidized in air and
some native oxide islands appeared on the hydrophobic regions, changing the surface
property from hydrophobic to hydrophilic. (In contrast, the hydrophilic and
hydrophobic materials used in Braun and Meyer's work were different and were
stable in air [62].) As a solution to this challenge, our selective condensation
technique based on Raoult's law allows water vapor to condense above the dew point
only on regions where the glycerol/water film has been dip-coated. Hence,
re-oxidation of hydrophobic silicon into hydrophilic oxide, or the instability of our
materials system, is now irrelevant. This is another major technical achievement in
our research.
a) 8.2'C
b) 7.70C
Figure 27. a) 500X microscope picture of the nucleation/condensation state of water
on hydrophilic oxide domains at 8.2 0C. Water vapor was observed to begin to
condense at this temperature. Thus, the dew point -8.2'C. b) The condensation state
of water at 7.7'C. The liquid water phase grew gradually, as the temperature
decreased. c) The condensation state of water at 7.5*C. At this temperature, the water
phase did not grow thick enough, but small liquid water islands were already present
on hydrophobic regions. d) The condensation state of water at 7.2'C. Small liquid
water islands on hydrophobic regions appeared more obvious.
c) 7.50 C
d) 7.2 0C
6.4 Selective coating of wax and wet etching of silicon
In our texturization process sequence, after the thickness of the glycerol/water
droplets on hydrophilic oxide domains is increased by selective condensation, a
polymer organic solution that is immiscible with glycerol/water is dip coated on the
heterogeneous substrate. A patterned polymer film then forms (Chapter 4), and can
serve as an etch resist. (The details of the processes have been described in Section
5.1.2.) Finally, a solution of 6:1 HNO 3:HF is used to etch the substrate for two
minutes at room temperature.
Different polymeric solute/organic solvent systems with different compositions
were experimented in order to find the best system for the polymer film patterning
and silicon etching processes. The experimental results were examined for three
critical aspects:
a) Uniformity of the polymer film deposited by a dip coating process
b) Adhesion of the polymer film to the silicon substrate,
c) Chemical resistance of the polymer film to the silicon etching solution with a
thickness in the sub-micrometer range, and
A system that is suitable for our process sequence should exhibit favorable results in
all three aspects. The best system we found so far is a solution of Stickwax 77 in
xylene. This section will report the experimental results on this system.
Representative optical microscope pictures of the polymer film formed with a
solution of 2% Stickwax 77 in xylene are shown in Figure 28. A more detailed
analysis of the film thickness profile can be obtained by 3D profilometry, as shown in
Figure 29. Generally, the hole pattern in the film is a replica of the condensation
pattern on the substrate immediately before film formation, and the thickness profile
in Figure 29 exhibits the typical rim surrounding a hole of a polymer film resulting
from dewetting [62,130,131].
One obvious problem with the Stickwax 77 film is its non-uniformity, and the
thickness profile in Figure 29 shows high roughness on the micrometer scale. First, it
was found that after dip-coating as the solvent evaporates, wax begins to precipitate
and much of them deposits in the form of particles, rather thin film, on the surface, as
shown in both Figures 28 and 29. Secondly, the portion of the polymer film between
the rims exhibits different colors under the optical microscope, including white, red,
green, and blue, indicating significantly different film thickness. The reason for the
non-uniformity of the Stickwax 77 film is probably due to wax precipitates
b)
Figure 28. a) 200X and b) 500X microscope pictures of a Stickwax 77 film
patterned by our texturization process sequence on a polished monocrystalline silicon
substrate. The hole pattern in the film is a replica of the condensation pattern on the
substrate immediately before film formation. One obvious problem of the patterned
film is its non-uniformity originated from wax precipitates.
Figure 29. 3D profilometry of a Stickwax 77 film patterned by our texturization
process sequence on a polished monocrystalline silicon substrate. One obvious
problem of the patterned film is its non-uniformity originated from wax precipitates.
disturbing the thin film formation process. Using a low concentration solution should
alleviate the precipitation problem, but it was also found that it is likely to only result
in a very thin film that does not have enough chemical resistance, as will be discussed
in Section 6.4.1.
Except for the uniformity problem, our experiments on etching showed that the
Stickwax 77 film exhibits excellent adhesion and fair chemical resistance. The etched
texture on silicon in the form of a honeycomb has been obtained as shown in Figure
30a) and Figure 30b) (optical microscopy and 3D profilometry respectively). This is
probably the first time a honeycomb structure on silicon has been created by a process
that has the potential to reach the cost and throughput level similar to offset
lithography. Although photolithography is also cable of creating such a honeycomb
structure, our process sequence is superior in terms of cost and throughput.
Figure 30. a) 500X microscope picture of the honeycomb texture created by our
texturization process sequence on a polished monocrystalline silicon substrate. b) 3D
profilometry of the honeycomb texture shown in a).
However, in the etching experiments, the honeycomb structure did not appear
consistently on the entire substrate due to the aforementioned non-uniformity of the
wax film. On regions where the wax film was thin, shallow steps resulted, similar to
those that will be shown in Figure 32b) in Section 6.4.1. On regions where a thick
wax film covered the glycerol/water droplets completely, no etching would occur and
no etched texture would appear. Therefore, solutions are required to make the
Stickwax 77 film deposited by dip coating more uniform. Either a better solvent than
xylene is needed, or dip coating of the Stickwax 77 solution has to be conducted at a
higher temperature where the solubility of Stickwax 77 in xylene is much higher and
the wax does not precipitate as easily. (For example, at 60'C, the solubility of
Stickwax 77 in xylene can reach 30% by weight.) If both approaches do not work, the
search for a better material to replace Stickwax 77 will be necessary.
The search for a material better than Stickwax 77 may be necessary for the
success of our texturization process sequence. However, preliminary experiments on
this issue have offered interesting and promising results. Figure 31 shows a
polystyrene film deposited by dip coating using a solution of 1% polystyrene in
chloroform at a withdrawal speed of 10 cm/sec at room temperature, in comparison
with a Stickwax 77 film deposited by a similar process. Obviously, polystyrene
demonstrates much better uniformity than Stickwax 77. Preliminary experiments also
showed that polystyrene offers excellent chemical resistance. The drawback of this
material is that it gives very poor adhesion to the silicon substrate and peels off
quickly in the silicon etching solution. Although polystyrene does not fulfill our
material selection criteria, however, its high thickness uniformity shows that a
uniform film is not impossible to realize in a dip coating process.
Furthermore, besides the search for a single material that exhibits all desired
characteristics, one possible strategy may be to utilize two different films: the upper
film gives good uniformity and chemical resistance (such as polystyrene), while the
lower one serves as an adhesion promoter. By appropriate choice of solute/solvent
systems and component compositions, it should be possible to generate a single-layer
or multi-layer film that can be successfully used as an etch resist for our texturization
process sequence.
b)
Figure 31. a) 200X microscope picture of a polystyrene film deposited by dip
coating using a solution of 1% polystyrene in chloroform at a withdrawal speed of 10
cm/sec at room temperature. b) 200X microscope picture of a Stickwax 77 film
deposited by dip coating using a solution of 1% Stickwax 77 in xylene at a
withdrawal speed of 10 cm/sec at room temperature. The polystyrene film shows
much better uniformity than the Stickwax 77 film.
6.4.1 Without selective condensation of water vapor
As discussed in Chapter 4, the key factor for the immiscibility-controlled
dewetting technique to succeed is that the polymer film has to be significantly thinner
than the thickness of the glycerol/water film. A thicker polymer film will cover the
entire substrate, not distinguishing hydrophilic from hydrophobic regions.
In our texturization process sequence, dip coating is used to deposit
glycerol/water and a very thin glycerol/water film of approximately only a couple
hundred nanometers thick results (Section 6.2). Thus, only a polymer film that is
significantly thinner than a couple hundred nanometers can be successfully patterned
by the immiscibility-controlled dewetting technique, if the thickness of the
glycerol/water film is not increased by selective condensation of water vapor. Figure
32a) shows that a very thin film of Stickwax 77 was successfully patterned by this
technique without prior selective condensation. The film had a thickness of only 30
nm, and it was difficult to pattern a film thicker that this.
The 30nm Stickwax 77 film as an etch mask was too thin and did not resist
chemical attack well enough during silicon etching, and a texture in the form of
shallow steps resulted, as shown in Figure 32b). Therefore, this result illustrates the
necessity of selective condensation to increase the thickness of the glycerol/water film
when Stickwax 77 is used as the etch resist. A thick Stickwax 77 film can then be
patterned by the immiscibility-controlled dewetting technique, as demonstrated in
Figure 28.
b)
Figure 32. a) 500X microscope picture of a Stickwax 77 film patterned without
prior selective condensation to thicken the glycerol/water film. This film was only
30nm thick. b) Scanning Electron Microscope image of the surface texture resulted
from etching of the sample shown in a).
Chapter 7 Extension to Multicrystalline Silicon Wafers
Chapter 6 has focused the discussion on our texturization process sequence
applied to polished monocrystalline silicon wafers. Due to the limited scope of this
research, only limited efforts have been made on multicrystalline wafers, as
mentioned in Section 3.1. This chapter will briefly discuss the current findings
regarding how well our texturization process sequence can be applied to
multicrystalline wafers.
The major difference between multicrystalline and polished monocrystalline
wafers is that the surface of multicrystalline wafers is rough, while polished
monocrystalline wafers are atomically flat. Table V shows the roughness data
measured on nine different locations on a single multicrystalline wafer.
Table V Surface roughness of multicrystalline wafers
1 2 3 4 5 6 7 8 9
R, (jpm) 0.24 0.33 0.30 0.37 0.35 0.34 0.39 0.29 0.33
Rz (JIS2001)15 (pm) 2.0 2.7 2.4 3.1 2.7 2.8 2.8 2.4 2.9
In Table V, R,, is the arithmetic mean of the absolute values of the profile deviations (Yi)
from the mean line over the entire evaluation length:
N
R, = ]Y (7.1)N 1
Rz (JIS2001) is defined as the mean value of all Zi's over the evaluation length, where
Zi is the sum of profile peak height Pi and profile valley depth Vi for each sampling
length:
R,(JIS2001)= Z (7.2)
The surface roughness of mutlicrystalline wafers may cause a problem for the surface
patterning technique based on microfluidic lithography discussed in Section 3.2.1,
which requires a conformal contact at microscopic level between the PDMS mold and
1 JIS2001 denotes the standard for Rz.
the silicon wafer. The influence of the surface roughness on other steps in our
texturization process sequence should be less significant.
Conformal contact comprises the microscopic adaptation of a soft PDMS layer to
a rough surface, leading to an intimate contact without voids, and adhesion forces
may mediate this elastic adaptation [57,76]. Therefore, conformal contact benefits
from both a low Young's modulus and moderate adhesion forces, and a PDMS
elastomer can thus spontaneously compensate for some degree of surface roughness,
even without the application of external pressure. However, there is certainly a
limitation in the elastomer's capability of compensating surface roughness. Figure 33
shows the poor result of microfluidic lithography applied on a multicrystalline silicon
sample that was only damage etched. (The hydrophilic oxide domains have been
covered by a glycerol/water film and should be visible.) The hexagonal oxide pattern
can hardly be seen.
A 10-minute planar etch applied to chemically polish the substrate surface was
shown to greatly improve the result, as demonstrated in Figure 34. The composition
of the solution for the planar etch was 15:5:2 HNO 3:CH3COOH:HF and the etch rate
was 3.5-5 microns/min at room temperature. Although the pattern of the oxide
domains in Figure 34 is still not as good as seen on polished monocrystalline wafers,
it may be acceptable since the surface texture for light trapping does not have to be
defect-free. However, one important weakness of the planar etch is that it removes a
great amount of material. A better solution is necessary.
A solution to the problem in surface wettability patterning on multicrystalline
wafers will require further innovations in order to make our texturization process
sequence feasible for manufacturing multicrystalline solar cells. Several possible
approaches that may overcome this problem are:
a) The micro-features on the PDMS mold used in the experiments are pyramid-like
(Figure 20). The micro-features on the mold can be modified to change the shape,
aspect ratio, Young's modulus, porosity, etc. to make conformal contact easier
with a rough surface.
b) A thin layer of material may be smoothly deposited by spin coating or some other
process on the rough surface of multicrystalline wafers to reduce the surface
roughness and facilitate conformal contact with the PDMS mold.
c) Section 3.2.1.3 has discussed some non-contact techniques. They may be able to
accommodate a high degree of surface roughness and may have the potential to
offer a reliable surface patterning technique after further research.
Figure 33. 500X microscope pictures of the oxide domains patterned by
microfluidic lithography on a multicrystalline wafer. The hydrophilic oxide domains
were covered by glycerol/water and thus visible under an optical microscope.
However, there appeared no clear pattern due to high surface roughness.
b)
Figure 34. a) 200X and b) 500X microscope pictures of the oxide domains patterned
by microfluidic lithography on a multicrystalline wafer that had been chemically
polished. The hydrophilic oxide domains were covered by glycerol/water and thus
visible under an optical microscope. The oxide pattern is clear on a chemically
polished wafer.
Chapter 8 Conclusion
The local variation of surface wettability offers a convenient route for patterning
an etch resist. Literature has demonstrated processes that take advantage of this
convenient route to pattern an etch resist and create microstructures in the underlying
substrate. Unfortunately, none of the processes in the literature can be commercialized
to create a light trapping honeycomb texture in silicon wafers. We have mentioned in
Section 3.1 that the major issues are either high material cost or low process
reliability.
In this research, we have developed a process sequence that can create a
honeycomb texture on polished monocrystalline silicon wafers. The process sequence
consists of surface wettability patterning by microfluidic lithography (Figure 18a)-c)),
selective wetting/dewetting of a mixture of glycerol and water by dip coating (Figure
18d)), selective condensation of water vapor (Figure 18e)), selective coating of a
polymer on hydrophobic regions only (Figure 18f)), and wet etching of silicon (Figure
18g)). The process sequence requires no expensive materials or equipment; in
addition, most of the steps in the process sequence should be highly reliable,
including dip coating, selective condensation based on Raoult's law, and surface
patterning by microfluidic lithography on polished wafers.
However, there are several areas that require further development to make the
process sequence truly reliable and successful, especially when applied to
multicrystalline silicon wafers. First of all, microfluidic lithography requires
conformal contact between the PDMS mold and the silicon wafer and does not apply
very well to unpolished multicrystalline silicon wafers due to their surface roughness.
A few possible solutions to this problem have been suggested in Chapter 7 and this
will be our major challenge in future work. Secondly, solutions are required to make
the Stickwax film deposited by dip coating more uniform. Without such solutions, the
search for a better material to replace Stickwax 77 will be necessary.
Soft lithography and nanoscale patterning have been the fields that provide much
insight for us to develop our texturization process sequence. It has been impossible,
however, to directly take only what has been available in the literature to fulfill our
research goal. Much original research has had to be conducted, and novel processes or
techniques have had to be developed. The novel techniques we have developed
include surface wettability patterning by microfluidic lithography using a thin oxide
layer, and selective condensation based on Raoult's law. Also, a novel combination of
existing techniques to realize a successful process sequence by itself requires
considerable efforts and creativity.
Obviously, we have not solved every problem and have not successfully invented
a texturization process sequence that can immediately be commercialized.
Nonetheless, a final success may still be possible. If unfortunately our process
sequence is proved to be unsuccessful for texturing multicrystalline silicon wafers, it
may still be useful for other applications, particularly when applied to polished wafers,
for example, low-cost MEMS fabrication. Also, the surface patterning technique
based on microfluidic lithography may be utilized independently to pattern various
thin films at low cost and high throughput.
Appendix A A rigorous mathematical treatment of the diffusion problem
associated with photo-suppressed etching
A rigorous mathematical treatment starts with the diffusion domain
approximation. This approximation is to consider the surface of the array as an
ensemble of independently performing diffusion domains, as mentioned in Section
2.1.2. Briefly, in view of the symmetric distribution of the active sites, we may divide
the diffusion space adjacent to the electrode surface into N equal semi-infinite
hexagonal prisms with regular hexagonal bases. Figure 12 shows such hexagonal
bases, which are surrounded by dashed lines. For simplicity, it may be reasonable to
consider a circle whose area is equal to that of a hexagon and to regard one of the
semi-infinite cylinders as a unit cell of the diffusion space. Because of symmetry,
there is no flux of the reactant through the boundary of the neighboring unit cells. If
we take this into account as a boundary condition, the treatment with a single unit cell
will suffice for the present problem.
The most convenient coordinate system for the unit cell is cylindrical coordinates.
The diffusion equation in cylindrical coordinates for the unit cell is given by:
ac 1 a ac aC ac
- -(rD )+-(rD )] (A.1)
8t r ar ar az 8z
Considering the assumptions set forth in Section 2.2.1, the initial condition can
be determined as:
t = 0,z ! 0 C = C* (A.2)
And the boundary conditions are:
t > 0, z -> oo0 C = C* (A.3)
aC d
D = rphot + 'ech (r < r -)
t > Oz = 0 z aC 2 (A.4)
D = r, (0 e r ro)
t , r = d D = 0 (A.5)
2 ar
t Or = 0 D ac= 0 (A.6)
ar
where r, 0 ,( = f (C) and rech = g(C). Note that r,,, depends on applied voltage, light
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intensity and wavelength. re,,, may also depend on all these factors. The actual function
forms of f and g should be determined by independent experimental studies.
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